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Task  3:  Evaluate  the  efficacy  of  salubrinal  in  preventing  the  negative  effects  of 
glucocorticoids  on  bone  of  mice  compared  to  alendronate. 

Subtask  3a.  Evaluate  the  efficacy  of  salubrinal,  guanabenz  and  alendronate  (positive 
control)  on  prevention  of  bone  loss 

Comparison  of  salubrinal  and  alendronate  on  bone  mineral  density:  We  evaluated  the  effects  of 
salubrinal  using  mice  that  received  systemic  administration  of  glucocorticoid  (GC:  prednisolone). 
Prednisolone  (two  dosages:  GC1  -  1.4  mg/kg/day  and  GC2  -  2.1  mg/kg/day)  and  placebo  pellets 
(Innovative  Research  of  America)  were  subcutaneously  implanted  in  the  back  neck  region.  Daily 
administration  of  salubrinal  (s.c.,  1  mg/kg)  was  conducted  for  4  weeks,  and  alendronate  (5.25 
mg/kg/week)  was  treated  as  a  positive  control.  Dual-energy  x-ray  absorptiometry  (DXA)  scans 
were  performed  five  days  prior  to  GC  pellet  implantation  and  four  weeks  post  pellet  implantation 
to  determine  changes  in  bone  mineral  density  (BMD).  The  average  percent  change  for  each 
treatment  condition  in  total  body,  spine,  and  femur  BMD  are  shown  with  negative  values 
indicating  bone  loss  (Fig.  1). 
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Dunnett’s  Method ,  and  Student-Newman-Keuis  Method  post- 
hoc  tests,  N=  7-10, 


Fig.  1.  Effects  of  salubrinal  on  bone  mass  in  mice  treated  with  glucocorticoids  (GC).  (A) 

Percent  change  in  BMD  of  the  total  body.  (B)  Percent  change  in  spinal  BMD.  (C)  Percent  change  in 
femoral  BMD. 


Treatment  with  GC1  or  GC2  significantly  reduced  BMD  (total  body,  spine,  and  femur)  except  for 
the  spine  with  GC2,  but  no  clear  dose  response  was  obtained.  For  GC1,  salubrinal  suppressed 
GCl-driven  loss  of  BMD  in  the  total  body,  spine,  and  femur.  For  GC2,  salubrinal’s  effect  was 
not  statistically  significant.  As  predicted,  alendronate  protected  against  GC  induced  bone  loss. 

Comparison  of  salubrinal  and  alendronate  on  bone  formation:  We  also  examined  salubrinal 
effects  upon  glucocorticoid-induced  decreases  in  bone  formation  by  dynamic  histomorphometry. 
For  this  purpose,  mice  were  injected  with  calcein  (i.p.,  0.6%)  and  alizarin  red  (i.p.,  1.0%) 
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fluorochrome  solutions  8  and  3  days  prior  to  sacrifice.  The  mineralizing  surface  corrected  for 
bone  surface  (MS/BS)  and  the  mineral  appositional  rate  (MAR)  were  quantified;  followed  by  the 
calculation  of  the  bone  formation  rate  (BFR).  MS/BS  measures  the  number  of  osteoblasts 
covering  the  bone  surfaces  and  MAR  measures  the  activity  of  osteoblast  teams.  Thus,  the  BFR  is 
an  actual  quantification  of  osteoblast  number  and  activity  in  vivo.  Results  are  shown  in  Fig.  2. 


MS/BS 


60 

50 

40 

30 

20 

10 


placebo  GC1  GC2 


B 

2.5 

2.0 

>s 

I  1.5 

E  i.o 

3. 

0.5 


MAR 


2.5 


tmm 


placebo  GC1  GC2 


placebo  GC2 


C  BFR 


placebo  GC1  GC2  placebo  GC2 


□  vehicle  ■  salubrinal  □  alendronate 

GC  1=  prednisolone  1.4mg/kg/day 
GC  2=  prednisolone  2.1  mg/kg/day 
alendronate  =  5.25mg/kg/week 

*P<0.05  vs.  corresponding  placebo  treated  mice 
#  P<0.05  vs.  corresponding  prednisolone  treated  mice 
by  T-test  (left)  or  One-Way  ANOVA  (right),  Dunnett’s  Method, 
and  Student-Newman-Keu  Is  Method  post-hoc  tests,  N=  7-10. 


Fig.  2.  Effects  of  salubrinal  on  bone  formation  in  mice  treated  with  glucocorticoids  (GC). 
Comparison  with  alendronate.  (A)  MS/BS.  (B)  MAR.  (C)  BFR.  Data  shown  from  analysis  of  distal 
femoral  cancellous  bone  sections. 


GCs  administered  at  any  of  the  doses  used  (GC1  or  GC2)  decreased  the  number  of  osteoblasts 
(MS/BS)  and  GC2  also  decreased  the  activity  of  osteoblasts  (MAR).  These  effects  resulted  in 
decreased  BFR  on  cancellous  bone  surfaces.  Salubrinal  intervention  protected  against  the  effects 
of  low  dose  GC1  on  MS/BS  and  BFR  resulting  in  a  complete  protection  from  the  effects  of  GC1 
on  bone  formation.  However,  salubrinal  failed  to  block  the  decrease  in  MAR  induced  by  the  high 
dose  of  GC,  and  thus  BFR  was  still  lower  in  mice  treated  with  GC2  and  salubrinal.  As  expected 
based  on  our  own  published  work,  alendronate  decreased  even  further  BFR.  These  results  are 
consistent  with  the  suppressive  effect  of  alendronate  on  bone  turnover,  which  result  in  decreased 
bone  resorption  followed  by  decreased  bone  formation. 

Comparison  of  salubrinal  and  alendronate  on  apoptosis  of  osteoblasts  and  osteocvtes:  We  are 
currently  determining  salubrinal  effects  upon  GC-induced  apoptosis  by  transferase-mediated 
biotin-dUTP  nick  end-labeling  (TUNEL)  reaction  in  distal  femoral  bone  sections.  Seven-8  mice 
per  group  are  being  analyzed.  Preliminary  findings  with  2-6  mice  per  group  are  shown  in  Fig.  3. 
These  results  show  that  treatment  with  GC  markedly  increased  apoptosis  of  osteoblasts  in  a  dose 
dependent  manner,  and  that  alendronate  blocked  the  effects  of  GC  at  its  higher  dose  (GC2). 
Salubrinal  was  able  to  block  osteoblast  apoptosis  induced  by  GC1,  but  not  by  GC2.  GC  also 
increased  apoptosis  of  osteocyte  in  cancellous  and  cortical  bone,  and  again  alendronate  abolished 
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GC2  induced  osteocyte  apoptosis.  Salubrinal  effectively  blocked  osteocyte  apoptosis  induced  by 
GC  in  both  bone  envelops,  but  only  at  the  low  GC  dose.  In  contrast,  osteocyte  apoptosis  induced 
by  GC2  was  not  affected  by  salubrinal. 


A  cancellous  osteoblast  apoptosis 


B  cancellous  osteocyte  apoptosis 


C  cortical  osteocyte  apoptosis 


□  vehicle  ■  salubrinal  □  alendronate 

GC  1=  prednisolone  1.4mg/kg/day 
GC  2=  prednisolone  2.1  mg/kg/day 
alendronate  =  5.25mg/kg/week 

*P<0.05  vs.  corresponding  placebo  treated  mice 
#  P<0.05  vs.  corresponding  prednisolone  treated  mice 
by  T-test  (left)  or  One-Way  ANOVA  (right),  Dunnett’s  Method, 
and  Student-Newman-Keuls  Method  post-hoc  tests,  N=  2-6. 


Fig.  3.  Effects  of  salubrinal  on  GC  induced  apoptosis  of  osteoblasts  and  osteocytes.  Alendronate  is 
used  as  a  positive  control.  (A)  Cancellous  osteoblasts.  (B)  Cancellous  osteocytes.  (C)  Cortical  osteocytes. 
Data  shown  from  distal  femoral  cancellous  bone  sections. 


These  findings  show  that  the  decrease  in  bone  mass  and  bone  formation  rate  and  the  increase  in 
osteoblast  and  osteocyte  apoptosis  induced  by  GC  at  1.4  mg/kg/day  is  abolished  by  treatment 
with  salubrinal.  In  contrast,  higher  doses  of  GC  at  2.1  mg/kg/day  were  not  able  to  be  affected  by 
salubrinal.  Alendronate  was  able  to  block  the  decrease  BMD  and  the  increased 
osteoblast/osteocyte  apoptosis  induced  by  GC2;  however,  alendronate  decreased  even  further  the 
BFR.  These  results  demonstrate  that  salubrinal  and  alendronate  crosstalk  with  GC  signaling  by 
distinct  mechanisms,  and  importantly  salubrinal  is  able  to  prevent  the  effects  of  GC  without 
decreasing  the  rate  of  bone  formation. 

Subtasks  3b.  Investigate  the  molecular  pathways 

Genome-wide  mRNA  expression  analysis:  In  order  to  further  determine  key  signaling  molecules  in 
response  to  salubrinal/guanabenz  and  investigate  the  regulatory  mechanism  underlying  Sal/Gu’s 
actions,  we  conducted  genome-wide  microarray  experiments  focusing  on  mRNA  expression  profiles 
of  osteoclasts  (Table  1).  In  Table  1,  fold-changes  of  mRNA  expression  levels  are  summarized 
among  4  groups  of  samples  (Conti  -  control;  R  -  RANKL  treated  sample;  Sal  -  salubrinal  treated 
sample;  and  Sal+R  -  salubrinal  and  RANKL  treated  sample).  The  genes  in  Category  1  (left  column) 
were  upregulated  by  RANKL  (stimulator  of  osteoclast  development),  and  their  RANKL-driven 
upregulation  was  suppressed  by  Sal.  Their  expression  levels  were  not  significantly  different  in  the 
Sal  group  and  the  control  group.  The  genes  in  Category  2  (right  column)  were  downregulated  by 
RANKL,  and  their  downregulation  was  suppressed  by  Sal. 
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Table  1.  Genes  whose  mRNA  expression  levels  are  altered  by  Sal  in  osteoclasts. 

Category  1  genes  (salubrinal  as  an  inhibitor)  Category  2  genes  (salubrinal  as  a  stimulator) 


Gene 

Symbol 

Fold  change 

Gene  Symbol 

Fold  change 

Sal/Contl 

R/Contl 

Sal+R/Sal 

Sal/Contl 

R/Contl 

Sal+R/Sal 

Antxr2 

-1.01 

1.99 

2.03 

Snx30 

1.00 

-1.43 

-1.43 

Sdc4 

-1.02 

1.17 

1.21 

Ddit3 

1.02 

-1.30 

-1.36 

Fndc7 

1.02 

2.13 

2.01 

Litaf 

-1.00 

-1.38 

-1.34 

Zswim4 

1.02 

3.31 

3.28 

Cebpg 

1.01 

-1.08 

-1.12 

Slc25a25 

1.03 

1.22 

1.17 

Agapl 

-1.01 

-1.39 

-1.47 

Wsb2 

1.02 

1.39 

1.39 

Ppard 

-1.00 

-2.71 

-2.63 

Ado 

-1.04 

1.11 

1.15 

Ctns 

1.03 

-1.65 

-1.75 

Dusp2 

1.04 

1.33 

1.22 

Slc44a2 

-1.04 

-2.42 

-2.44 

If  ngr2 

1.01 

1.14 

1.08 

Ddit4 

-1.03 

-1.31 

-1.15 

Ppmll 

1.05 

2.32 

2.28 

Arhgapl7 

1.01 

-1.65 

-1.61 

lpo4 

1.02 

1.47 

1.36 

Tpd52 

1.04 

-1.48 

-1.53 

Sytl6 

1.05 

1.25 

1.32 

Atf3 

1.04 

-2.79 

-3.07 

Tnfrsfl2a 

1.11 

1.36 

1.25 

Arlll 

-1.08 

-1.62 

-1.52 

Dhrsx 

-1.04 

1.13 

1.11 

Plekhml 

1.05 

-1.44 

-1.52 

Tnipl 

1.01 

1.46 

1.38 

Plxdcl 

-1.10 

-1.16 

-1.05 

Pcdh7 

1.09 

2.50 

2.37 

Camkl 

1.11 

-1.93 

-2.05 

Dmwd 

1.06 

1.75 

1.44 

Tgfbrl 

1.20 

-1.99 

-2.44 

Qtrtl 

1.09 

1.17 

1.10 

Pacs2 

1.07 

-1.43 

-1.46 

Jdp2 

1.06 

6.95 

6.87 

Rasa3 

-1.07 

-1.24 

-1.24 

Noc4l 

1.02 

1.25 

1.18 

Pik3rl 

-1.03 

-1.32 

-1.34 

Trafl 

1.16 

4.27 

4.06 

Pla2gl5 

1.10 

-1.26 

-1.48 

Frmd6 

-1.09 

1.45 

1.43 

Xbpl 

-1.02 

-1.48 

-1.39 

Latsl 

-1.06 

1.15 

1.14 

Serpl 

-1.11 

-1.26 

-1.18 

Plaur 

1.10 

1.76 

1.50 

Hnrnpdl 

-1.06 

-1.07 

1.04 

Egr2 

1.17 

1.97 

1.99 

Tnfaip8l2 

1.10 

-1.77 

-2.21 

Usp2 

1.09 

-1.56 

-1.57 

Hpgds 

-1.18 

-3.37 

-4.00 

Prediction  of  key  molecular  regulators:  We  predicted  potential  Sal/Gu  responsive  stimulators  and 
inhibitors  of  bone  resorption  by  defining  two  parameters:  (i)  dm  for  distance  from  NFATcl 
expression  pattern,  and  (ii)  pm  for  r.m.s.  p-value  for  mRNA  m.  The  parameter  dm indicated  the 
resemblance  (dm  ft*  0)  and  dissemblance  (dm  ft*  1)  of  the  mRNA  expressions  to  the  NFATcl 
expression  profile,  and  the  parameter  pm  indicated  statistical  significance.  The  mRNA 
expressions  were  also  evaluated  under  4  conditions  (j  =  1  to  4):  control  (/  =  1),  treatment  with 
RANKL  (/  =  2),  treatment  of  RANKL  and  salubrinal  (/  =  3),  and  treatment  with  RANKL  and 
guanabenz  (/  =  4).  All  mRNAs  were  analyzed  except  for  the  ones  with  p-value  >  0.05.  The 
distance,  dm  (0  <  dm  <  1),  between  NFATcl  and  mRNA  m,  was  defined  using  Pearson’s 
correlation  coefficient,  rm  (—1  <  rm  <  1): 
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(1) 

(2) 


2 

=  i  *j>mj  ~nx>\ 

where  Xj  represented  NFATcl  expression  levels  for  /  =  1  to  n  (n  —  4),  and  ymj-  was  the 
expression  levels  of  mRNA  m  for  f  —  1  to  n.  The  variables  x  and  yj  were  the  mean  expression 
levels  for  j.  The  r.m.s.  p-value,  pm,  for  mRNA  m  was  defined: 


p  _  ~*~^PrnS^  ’GPmC^  ^  j 

where  p ^  =  p-value  (Student’s  t-test)  between  j  —  1  &  2,  pniS  =  p-value  between  /  =  2  &  3,  and 
PmG  =  p-value  between  /  =  2  &  4.  To  better  visualize  the  prediction  result,  two  plots  of  r.m.s.  p- 
value  (pm  )  vs.  distance  (c£m)  were  generated,  one  for  the  Sal/Gu-responsive  osteoclastogenesis 
stimulators  (Fig.  4)  and  one  for  the  inhibitors  (Fig.  5). 


Fig.  4.  Sal/Gu- 
responsive  genes 
that  activate 
RANKL-driven 

M:co 

12 

g  0.060 

ds 

O  0  060 

lrs 

i 

bone  resorption. 

Salubrinal  and 
guanabenz 
downregulate  genes 
such  as  Dscrl, 

Dusp2,  Ptpn22,  etc. 

F 

PlekhtoS  Llk 

0,0*0 

Dll 

W 

irsa 

rii 

•  w 

Frmd6 

' _ _  * 

Tran 
Kipk»  C 

;dc4 

$ 

Dscrd 

A 

[ 

'  * ni 
Du 

T  . 

5 

0.000 

0.001 

0.010 

rms  p-value 

0-100 

l.OfW 

rms  p-value 


Fig.  5.  Sal/Gu- 
responsive  genes 
that  inhibit 
RANKL-driven 
bone  resorption. 
Salubrinal  and 
guanabenz  upregulate 
genes  such  as 
Zfyve2 1 ,  Ddit4,  etc. 


7 


Based  on  the  predictions  shown  in  Figs.  4  and  5,  we  examined  the  role  of  Zfyve21  (zinc  finger 
transcription  factor)  in  the  regulation  of  NFATcl,  a  master  transcription  factor  in  osteoclastogenesis 
(Fig.  6).  RNA  interference  using  siRNA  specific  to  Zfyve21  elevated  the  mRNA  and  protein  levels 
of  NFATcl,  indicating  that  Zfyve21  at  least  in  part  inhibits  NFATcl  in  response  to  salubrinal  and 
guanabenz. 
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Genome-wide  microRNA  analysis:  Besides  mRNA  expression  profiles,  we  also  examined 
microRNA  expression  profiles  in  response  to  salubrinal  and  guanabenz.  One-thousand-two- 
hundred-sixty- five  microRNAs  were  inputted,  and  cluster  analysis  was  conducted  to  characterize 
expression  patterns  among  4  groups  of  samples  (control,  RANKL,  RANKL  +  Sal,  and  RANKL  + 
Gu). 
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Fig.  7.  microRNA 
expression  patterns. 

The  first  three  columns 
correspond  to  control,  the 
second  to  RANKL,  the 
third  to  RANKL  +  Sal, 
and  the  fourth  to  RANKL 
+  Gu.  The  color  code 
indicates  that  “green”  = 
downregulation,  and 
“red”  =  upregulation. 
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Similar  to  the  mRNAs,  the  miRNAs  were  correlated  to  NFATcl  and  divided  into  stimulator  and 
inhibitor  groups.  Again,  distance  values  of  “0”  indicated  similarity  with  the  NFATcl  expression 
pattern,  and  distance  values  of  “1”  indicated  expression  patterns  opposite  to  NFATcl.  Many 
candidates  with  significant  r.m.s.  p-values  are  shown  in  the  NFATcl-like  group,  but  only  one,  miR- 
5109,  is  found  with  significant  r.m.s.  p-value  in  the  NFATcl -reciprocal  group.  Regardless  of  the 
significance  of  the  r.m.s.  p-values,  miRNAs  with  small  distance  values  (below  0.3  or  above  0.7) 
were  analyzed  with  the  target  prediction  tool. 
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activate  RANKL- 
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Since  microRNA  binding  of  the  3f  UTR  of  its  target  mRNA  results  in  gene  silencing,  the 
definition  of  stimulator  and  inhibitor  for  microRNA  is  different.  In  the  regulation  of  NFATcl, 
stimulator  microRNAs  would  ideally  silence  the  genes  inhibiting  NFATcl  expression.  On  the 
other  hand,  inhibitor  microRNAs  would  silence  the  genes  stimulating  NFATcl  or  NFATcl  itself. 
NFATcl  is  not  the  only  target  gene  of  interest,  and  thus  all  predicted  regulators  should  be  taken 
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into  count.  It  is  possible  that  a  single  microRNA  could  interact  with  multiple  mRNAs  and  each 
of  those  mRNAs  could  have  multiple  microRNA  binding  sites.  A  study  on  the  pathogenesis  of 
liver  cancer  found  that  Ddit4  is  a  possible  target  of  miR-221.  In  our  analysis,  miR-221-3p  was 
included  as  a  potential  stimulator,  and  Ddit4  was  one  of  its  targets. 

Collectively,  our  working  hypothesis  for  Sal/Gu’s  action  is  depicted  (Fig.  10).  One  possibility  is 
that  Sal/Gu  may  reduce  NFATcl  by  activating  Ddit4,  Zfyve21  or  inhibiting  miR346-5p,  mir466i- 
3p,  miR366f,  etc.  Alternatively,  Sal/Gu  may  suppress  NFATcl  by  inhibiting  Dscrl,  Dusp2,  Ptpn22, 
etc.  or  activating  miR149-3p. 


Fig.  10.  Potential  signaling  network  for  Sal/Gu-driven  regulation  of  bone  remodeling. 


Task  4;  Evaluate  the  efficacy  of  salubrinal  on  bone 

fracture  healing. 

Subtask  4a.  Evaluation  of  the  efficacy  of 
salubrinal  on  bone  fracture  healing  using  s.c. 
administration. 

In  the  third  year,  efficacy  of  salubrinal  on  bone 
fracture  healing  was  examined  using  a  tibia  fracture 
model.  Salubrinal  was  administered  daily  via  s.c. 
near  the  fracture  site  in  the  tibia,  and  X-ray  images 
were  collected  1,  2,  3,  and  4  weeks  after  induction 
of  tibia  fracture  (Fig.  11). 

With  the  animal  lying  supine  on  the  operating  table, 
an  intramedullary  rod  was  surgically  inserted  via 
the  proximal  end  of  the  tibia  into  the  medullary 
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1  wk  2  wks  3  wks  4  wks 


Fig.  11.  X-ray  images  of  fractured  tibia 
(control;  1  wk  to  4  wks). 


canal  in  order  to  stabilize  the  tibia  after  induction  of  its  fracture.  A  200-gram  weight  was 
dropped  from  a  height  of  30  cm  to  induce  tibia  fracture  at  the  site  approximately  1/3  of  the  tibia 
from  the  lower  end.  X-ray  imaging  was  conducted  immediately  after  the  operation  to  confirm 
fracture  induction.  A  fracture  repair  process  was  monitored  weekly  using  radiography  (pixRay- 
100,  Bioptics,  Phoenix,  AZ)  for  4  weeks. 

Measurements  of  bone  mineral  density  (BMD)  and  bone  mineral  content  (BMC)  show  that 
administration  of  salubrinal  (1  mg/kg)  elevated  both  BMD  and  BMC  in  the  entire  tibia  as  well  as 
fracture  site  (tibial  section  3.8  mm  long  across  the  fracture  site)  (Fig.  12).  The  BMD  value  in  the 
entire  tibia  was  increased  from  0.048  ±  0.0009  g/cm  (mean  ±  SEM)  in  the  control  group  to 
0.0501  ±  0.0005  g/cm2  in  the  salubrinal-treated  group  (p  <  0.05).  The  BMD  value  in  the 
fractured  callus  was  also  elevated  from  0.0501  ±  0.0013  g/cm  in  the  control  group  to  0.054  ± 
0.001 1  g/cm  in  the  salubrinal-treated  group  (p  <  0.05).  Furthermore,  the  BMC  value  in  the 
entire  tibia  was  increased  from  0.0198  ±  0.0005  grams  in  the  control  group  to  0.021 1  ±  0.0003 
grams  in  the  salubrinal-treated  group  {p  <  0.05).  The  BMC  value  in  the  fractured  callus  was  also 
elevated  from  0.0053  ±  0.0002  grams  in  the  control  group  to  0.0059  ±  0.0001  grams  in  the 
salubrinal-treated  group  (p  <  0.05). 


Fig.  12.  Comparison  of  BMD  and  BMC  in  the  fractured  tibia  (salubrinal  treated  samples  for  4 

weeks).  (A)  BMD  measurements.  (B)  BMC  measurements.  Of  note,  measurements  were  taken  in  a  boxed 
region  (3.8  mm  long). 


Subtask  4b.  Evaluation  of  the  efficacy  of  salubrinal  on  bone  fracture  healing  using  local 
administration. 

To  locally  deliver  salubrinal  for  fracture  bone  healing,  we  started  designing  hydrogel 
formulations  capable  of  dissolving  hydrophobic  salubrinal  and  in  situ  curing  at  the  fracture  site. 
We  are  examining  injectable  hydrogel  that  is  formed  by  reacting  eight-arm  polyethylene  glycol) 
thiol  (PEG8SH)  and  PEG-divinylsulfone  (PEGdVS)  through  a  nucleophilic  Michael-type 
conjugation  addition  reaction.  These  two  macromer  components  are  hydrophilic  and  can  be 
readily  prepared  as  aqueous  solutions.  Upon  injection  through  a  dual-syringe  system,  the  two 
macromer  solutions  mix  and  become  elastic  hydrogel  within  seconds  to  minutes  depending  on 
the  macromer  molecular  weights  and  concentrations.  The  formulation  used  to  dissolve  salubrinal 
(up  to  1.8mg/mL)  is  composed  of  45%  PEG  400,  5%  vitamin  E  d-a-tocopheryl  PEG  1000 
succinate  (TPGS),  and  50%  phosphate  buffer  solution.  The  salubrinal  containing  formulation  is 
miscible  with  the  hydrogel  macromers  (PEG8SH  and  PEGdVS)  and  therefore  can  be  mixed  in 
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either  PEG8SH  or  PEGdVS  solution  prior  to  injection.  Following  injection,  the  salubrinal- 
containing  hydrogel  cures  in  situ  at  the  bone  fracture  site.  The  elastic  PEG-based  hydrogels  will 
serve  both  as  a  structural  support  and  a  drug  delivery  depot  to  accelerate  fracture  bone  healing. 

In  the  fourth  year,  we  will  examine  whether  the  hydrogels  can  be  designed  to  be  degraded  in 
response  to  proteolytic  activity.  In  particular,  PEGdVS  can  be  replaced  by  protease-sensitive 
peptides  terminated  with  vinylsulfone  moieties.  This  design  will  allow  cell/protease  responsive 
hydrogel  degradation  and  is  expected  to  further  accelerate  fracture  bone  healing. 

Task  5;  Develop  a  commercialization  plan. 

Subtask  5b.  Investigate  potential  partnership  options. 

In  the  third  year,  a  small  business  company,  Ossa  Biomedical  LLC,  was  established  with  the 
objective  of  commercializing  Salubrinal  and  Guanabenz-linked  IP.  Through  Indiana  University 
Research  and  Technology  Cooperation,  two  key  personnel  (J.R.  Renbarger  and  Alexander 
Brethauer)  were  recruited.  Renbarger  serves  as  President  and  CEO  and  he  is  responsible  for 
business  strategy  and  financial  support  for  Ossa  Biomedical.  Alexander  Brethauer  serves  as 
CTO  and  he  is  responsible  for  product  development,  regulatory  strategy,  and  IP  strategy. 
Currently,  four  patents  are  being  filed  for  usage  of  salubrinal  and  its  analogs  for  treatment  of 
osteoporosis  and  bone  fracture: 


US  patent:  Method  for  treatment  of  bone  diseases  and  fractures  (13/055,399),  3/8/1 1 _ 

US  patent:  Compositions  and  methods  for  treating  bone  diseases  (13/574,105),  3/19/13 _ 

US  patent:  Salubrinal  driven  attenuation  of  malignant  phenotypes  of  breast  cancer  cells  (14/296, 888), 6/5/14 
International  patent:  Compositions  and  methods  for  treating  bone  diseases  (PCT/US2014/021682),  3/  7/14 


Subtask  5c.  Integrate  the  results  from  Aims  2-4,  and  develop  milestones  for  a  clinical  trial 
strategy. 

In  the  third  year,  we  evaluated  several  options  for  potential  clinical  trials  including  patients  with 
osteoporosis,  bone  fracture,  spinal  cord  injury,  and  bone  metastasis  from  breast  cancer.  In 
collaboration  with  Dr.  Kathy  Miller  (Director,  Breast  Cancer  Program,  Indiana  University  School 
of  Medicine),  the  grant  for  a  clinical  trial  was  received  from  The  Breast  Cancer  Research 
Foundation  (Title:  Repurposing  Guanabenz).  In  this  project,  we  plan  to  recruit  patients  with 
known  bone  metastases  who  have  been  treated  with  the  same  skeletal  protective  agent  for  at  least 
3  months.  Patients  (initial  n=15)  will  undergo  baseline  assessments,  then  begin  treatment  with 
guanabenz,  starting  at  the  lowest  FDA  approved  dose  with  individual  patient  dose  escalation  as 
tolerated.  Limited  PK  sampling  will  be  obtained  to  compare  exposure  with  levels  associated  with 
activity  on  these  and  ongoing  preclinical  studies.  Markers  associated  with  bone  turnover  will  be 
assessed  serially  (baseline,  3  and  6  months)  to  provide  initial  estimates  of  biologic  activity. 
Development  of  the  full  pilot  trial  is  ongoing.  We  expect  to  begin  the  regulatory  approval  process 
with  trial  activation  in  November  2014. 
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B.  Plan  for  the  Fourth  Year 


The  fourth  year  will  complete  this  project  by  conducting  the  sub-task  3b  (investigation  of  molecular 
pathway),  the  sub-task  4b  (analysis  of  bone  fracture  healing  using  local  administration  of 
salubrinal),  and  the  sub-task  5c  &  5d  (data  integration,  milestones  for  a  clinical  trial,  and  licensing 
agreement). 


C.  Key  Research  Accomplishments 


In  the  third  year  of  this  project,  the  key  research  accomplishments  include  the  followings: 

•  The  decrease  in  bone  mass  and  bond  formation  rate  and  the  increase  in  osteoblasts  and 
osteocyte  apoptosis,  which  is  induced  by  glucocorticoid  at  1 .4  mg/kg/day,  are  abolished 
by  treatment  with  salubrinal. 

•  There  is  a  cross  talk  between  salubrinal  and  alendronate  (bisphosphonate)  in  the 
responses  to  GC. 

•  Genome-wide  mRNA  expression  analysis  reveals  that  both  salubrinal  and  guanabenz 
downregulate  NFATcl  transcription  factor,  which  activates  bone  resorption,  in  a  novel 
eIF2a  mediated  pathway. 

•  Genome-wide  micro  RNA  expression  analysis  shows  that  salubrinal  and  guanabenz 
significantly  changes  the  expression  levels  of  miR346-5p,  miR466i-3p,  miR466f,  and 
miR149-3p. 

•  Administration  of  salubrinal  elevates  bone  formation  at  the  site  of  tibia  fracture  by 
increasing  BMD  (bone  mineral  density)  and  BMC  (bone  mineral  content). 


D.  Reportable  Outcomes 


The  study  in  the  third  year  generated  the  following  reportable  outcomes. 

•  An  international  patent  application  (compositions  and  methods  for  treating  bone  diseases, 
PCT/US20 14/02 1682)  was  filed  on  March  7,  2014. 

•  Two  conference  abstracts  were  published  (Refs.  1  &  2). 

•  Three  peer-reviewed  research  articles  were  published  (Refs.  3-5).  Of  note,  an  additional 
peer-reviewed  journal  article  is  being  prepared  (Ref.  6). 

•  A  pilot  grant  from  Indiana  CTSI  (Clinical  and  translational  Sciences  Institute)  Research 
Intervention  and  Scientific  Commercialization  (Novel  pharmacological  treatment  of 
osteogenesis  imperfecta,  $25,000,  07/01/14  -  06/30/15)  was  funded  for  the  application  of 
salubrinal  and  guanabenz  in  treatment  of  brittle  bone  diseases. 

•  A  clinical  trial  for  strengthening  bone  with  guanabenz  for  patients  with  bone  metastasis  is 
planned  to  be  conducted  at  Indiana  University  hospital  in  November  2014. 
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E.  Conclusion 


The  study  in  the  third  year  strongly  supported  salubrinal’s  action  on  the  prevention  of  bone  loss 
by  elevating  bone  formation  and  inhibiting  bone  resorption.  The  observed  dual  role  of  salubrinal 
is  unique,  and  currently  no  therapeutic  drugs  provide  these  dual  functions.  In  the  animal 
experiments  for  evaluating  the  effects  of  salubrinal  on  glucocorticoid  induced  osteonecrosis  and 
bone  fracture  healing,  salubrinal  presented  its  anabolic  and  anti-catabolic  effects.  In  in  vitro 
experiments,  the  molecular  mechanisms  of  salubrinal’s  action  through  genome-wide  mRNA  and 
micro  RNA  analyses  revealed  that  salubrinal  induces  its  unique  functions  through  novel  targets 
in  bone  remodeling,  which  are  mediated  by  eIF2a  signaling. 
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Box  No. 


FURTHER  APPLICANT (S)  AND/OR  (FURTHER)  INVENTOR(S) 


If  none  of  the  following  sub-boxes  is  used,  this  sheet  should  not  be  included  in  the  request 


Name  and  address:  (Family  name  followed  by  given  name;  for  a  legal  entity  full  official  designation.  This  person  is: 

The  address  must  include  postal  code  and  name  of  country.  The  country  of  the  address  indicated  in  this 

Box  is  the  applicant  s  State  ( that  is.  country)  of residence  if no  State  of  residence  is  indicated  below.)  [  I  [  j  c 


YOKOTA,  Hiroki 
1434  Carey  Court 
Carmel,  Indiana  46032 
UNITED  STATES 


applicant  only 

applicant  and  inventor 

inventor  only  (If  this  check-box 
is  marked,  do  not  fill  in  below.) 


Applicant’s  registration  No,  with  the  Office 


State  (that  is,  country)  of  nationality: 


State  (that  is,  country)  of  residence: 


This  person  is  applicant 
for  the  purposes  of: 


all  designated  States 


the  States  indicated  in  the  Supplemental  Box 


Name  and  address:  (Family  name followed  by  given  name;  for  a  legal  entity, full  official  designation,  j  This  person  is: 

The  address  must  include  postal  code  and.  name  of  country.  The  country  of  the  address  indicated  in  this 

Box  is  the  applicant  :s  State  ( that  is,  country)  of  residence  if no  State  of residence  is  indicated  below.)  j  appli  cant  only 


HAMAMURA,  Kazunori 
5739  Durham  Casile  Court,  APT.  423 
Indianapolis,  Indiana  46250 
UNITED  STATES 


applicant  and  inventor 

inventor  only  (If  this  check-box 
is  marked,  do  not  'ft ll  in  below.) 


Applicant’ s  registration  No .  with  the  Office 


State  (that,  is,  country)  of  nationality: 

US 


This  person  is  applicant 
for  the  purposes  of: 


all  designated  States 


State  (that  is,  country)  of  residence: 

US 


the  States  indicated  in  the  Supplemental  Box 


Name  and  address:  (Family  name followed  by  given  name;  fora  legal  entity,  full  official  designation.  This  person  is: 
The  address  must  include  postal  code  and  name  of  country.  The  country  of  the  address  indicated  in  this 


Box  is  the  applicant  s  State  (that  is,  countrv)  of  residence  if  no  State  of  residence  is  indicated  below 

ZHANG,  Ping 

1237  Mickley  Avenue,  Apt.  D 
Indianapolis,  Indiana  46224 
UNITED  STATES 


applicant  only 

applicant  and  inventor 

inventor  only  (If  this  check-box 
is  marked,  do  not  fill  in  below.) 


Applicant’s  registration  No.  with  the  Office 


State  (that  is,  country )  of  nationality: 

us 


This  person  is  applicant 
for  the  purposes  of: 


all  designated  States 


Sl  ate  (that  is,  country j  of  residence: 

us 


the  States  indicated  in  the  Supplemental  Box 


Name  and  address :  (Family  name  followed  by  given  name;  for  a  legal  entity,  full  official  designation.  Thi  s  person  i  s  * 

The  address  must  include  postal  code  and  name  of  country.  The  country  of  the  address  indicated  in  this  f 

Box  is  the  applicant  s  State  (that  is,  country)  of  residence  if no  State  of residence  is  indicated  below.)  app  h  cant  only 


applicant  and  inventor 


inventor  only  (If  this  check-box 
is  marked,  do  not  fill  in  below.) 


Applicant’ s  regis  tration  No .  with  the  Office 


State  (that  is,  country)  o  f  nationality: 


State  (that  is,  country)  of  residence: 


This  person  is  applicant 
for  the  purposes  of: 


all  designated  Slates 


the  States  indicated  in  the  Supplemental  Box 


Further  applicants  and/or  (further)  inventors  are  indicated  on  another  continuation  sheet. 
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Box  No.  V  DESIGNATIONS 


The  tiling  of  this  request  constitutes  under  Rule  4.9(a)  the  designation  of  all  Contracting  States  bound  by  the  PCT  on  the  international 
tiling  date,  for  the  grant  of  every  kind  of  protection  available  and,  where  applicable,  for  the  grant  of  both  regional  and  national  patents. 

However, 

PI  DE  Germany  is  not  designated  for  any  kind  of  national  protection 

□  jp  Japan  is  not  design  ated  for  any  kind  of  national  protection 

PI  KR  Republic  of  Korea  is  not  designated  for  any  kind  of  national  protection 

(The  check-boxes  above  may  only  be  used  to  exclude  (irrevocably)  the  designations  concerned  if,  at  the  time  of  filing  or  subsequently  under 
Rule  2  6bis.  I,  the  international  application  contains  in  Box  No.  VI  a priority  claim  to  an  earlier  national  application  filed  in  the  particular 
State  concerned,  in  order  to  avoid  the  ceasing  of  the  effect,  under  the  national  law,  of  this  earlier  national  application .) 


Box  No.  VI  PRIORITY  CLAIM  AND  DOCUMENT 


The  priority  of  the  following  earlier  application(s)  is  hereby  claimed: 


Filing  date 
;yf  earlier  application 
( day/month/year) 


item  (i) 


Number 

of  earlier  application 


161/803,223 


Where  earlier  application  is: 


national  application:  regional  application:  international  application: 
country  or  Member  regional  Office  receiving  Office 

of  WTO 


19/03/2013 


\ _ |  Further  priority  claims  are  indicated  in  the  Supplemental  Box. 


Furnishing  the  priority  documents): 

|jxj  The  receiving  Office  is  requested  to  prepare  and  transmit  to  the  International  Bureau  a  certified  copy  of  the  earlier  applications) 
(only  if  the  earlier  application  (s)  was  filed  with  the  receiving  Office  which,  for  the  purposes  of  this  international  application,  is 
the  receiving  Office)  identified  above  as: 


all  items  EH  item  (1) 


item  (2) 


item  (3) 


other,  see  Supplemental  Box 


The  International  Bureau  is  requested  to  obtain  from  a  digital  library  a  certified  copy  of  the  earlier  application(s)  identified  above, 
using,  where  applicable,  the  access  code(s)  indicated  below  (if  the  earlier  application (s)  is  available  to  it  from  a  digital  library): 

EH  item  ( 1 )  EH  item  (2)  EH  item  (3)  EH  other,  see 

access  code  access  code  access  code  Supplemental  Box 


Restore  the  right  of  priority:  the  receiving  Office  is  requested  to  restore  the  right  of  priority  for  the  earlier  application^)  identified 

above  or  in  the  Supplemental  Box  as  item(s)  ( _ ),  ( See  also  the  Notes  to  Box  No.  VI;  further 

information  must  be  provided  to  support  a  request  to  restore  the  right  of  priority.) 


Incorporation  by  reference:  where  an  element  of  the  international  application  referred  to  in  Article  1 1(1  )(iii)(d)  or  (e)  or  a  part  of 
the  description,  claims  or  drawings  referred  to  in  Rule  20.5(a)  is  not  otherwise  contained  in  this  international  application  but  is 
completely  contained  in  an  earlier  application  whose  priority  is  claimed  on  the  date  on  which  one  or  more  elements  referred  to  in 
Article  1 1(1  )(iii)  were  first  received  by  the  receiving  Office,  that  element  or  part:  is,  subject  to  confirmation  under  Rule  20.6, 
incorporated  by  reference  in  this  international  application  for  the  purposes  of  Rule  20.6. 


Box  No.  VII  INTERNATIONAL  SEARCHING  AUTHORITY 


Choice  of  International  Searching  Authority  (ISA)  (if  more  than  one  International  Searching  Authority  is  competent  to  carry  out  the 
international  search,  indicate  the  Authority  chosen;  the  two- letter  code  may  be  used): 


ISA/  us 
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B o  x  No .  IX  CHECK  LIST  for  EFS-Web  filings  -  this  sheet  is  only  to  be  used  when  filing  an  international  application  with  RO/i  JS  via  EFS-Web 


This  international  application 
contains  the  following: 

(a)  request  form  PCT/RO/101 
(including  any  declarations 
and  supplemental  sheets) . . 


Number  This  international  application  is  accompanied  by  the 
of  sheets  following  iiem(s)  (mark  the  applicable  check-boxes  below 
and  indicate  in  fight  column  the  number  of  each  item): 

1 .  EH  fee  calculation  sheet . 


(b)  description  (excluding  any 
sequence  listing  part  of  the 
description,  see  (:f),  below) 

(c)  claims . 

(d)  abstract . 


2.  Li  original  separate  power  of  attorney 
L  □  original  general  power  of  attorney  . 


33  4.  D  copy  of  general  power  of  attorney;  reference 

number: . 


5.  [jj  priority  document(s)  identified  in  Box  No.  VI 
as  item(s) . 


(e)  drawings  (if  any) 


(i)  sequence  listing  part  of  the 
description  in  the  form  of  an 
image  file  (e.g.  PDF) . 


6.  EH  Translation  of  international  application  into 

(language): . 

7.  Cl  separate  indications  concerning  deposited 

microorganism  or  other  biological  material . 


Total  number  of  sheets  (including  the 
sequence  listing  part  of  the  description 
if  filed  as  an  image  file! .  : 


(only  where  item  (f)  is  marked  in  the  left  column) 
copy  of  the  sequence  listing  in  electronic 
form  (Annex  C/ST. 25  text  tile)  not  forming 
part  of  the  international  application  but 
furnished  only  for  the  purposes  of 
international  search  under  Rule  1 3 ter . 


(g)  sequence  listing  part  of  the  description 

FI  tiled  in  the  form  of  an  Annex  C/ST. 25  text 
file 

C  WILL  BE  filed  separately  on  physical  data 
carrier(s),  on  the  same  day  and  in  the  form 
of  an  Annex  C/ST.25  text  file 

10. 

Indicate  type  and  number  of  physical  data 

carrier(s) .  i  L 


(only  where  item  (f)  is  marked  in  the  left,  column) 
a  statement  confirming  that  “the  information 
recorded  in  electronic  form  submitted  under 
Rule  13  ter  is  identical  to  the  sequence  listing 
as  contained  in  the  international  application” 
as  filed  via  EFS-Web:  . . 


Figure  of  the  drawings  which 
should  accompany  the  abstract: 


La  nguage  of  fifing  of  the 
international  application: 


English 


Number 


copy  o  f  res  ults  of  earlier  search(es)  (  Rule  1 2 bis .  1  (a) )  . , 
other  (specify): . 


Box  No.  X  SIGNATURE  OF  APPLICANT,  AGENT1  OR  COMMON  REPRESENTAT  IVE 

Next  to  each  signature,  indicate  the  name  of  the  person  signing  and  the  capacity  in  which  the  person  signs  (if such  capacity  is  not  obvious  from  reading  the  request). 


/Bassam  S.  Nader/ 

Bassam  S.  Nader 

Agent  Registration  No.:  61818 

Agent  For  Applicant 


For  receiving  Office  use  only 


1 .  Date  of  actual  receipt  of  the  purported 
international  application: 


3,  Corrected  date  of  actual  receipt  due  to  later  but 
timely  received  papers  or  drawings  completing 
the  purported  international  application: 


4 .  Date  of  timely  receipt  of  the  required 
corrections  under  PCX  Article  1 1(2): 


5.  International  Searching  Authority 

(if  two  or  more  are  competent):  ISA  / 


Date  of  receipt  of  the  record  copy 
by  the  International  Bureau: 


2.  Drawings: 


received: 


not  received 


Transmittal  of  search  copy  delayed 
until  search  fee  is  paid 


For  International  Bureau  use  only 
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COMPOSITIONS  AND  METHODS  FOR  TREATING  BONE:  DISEASES 
GOVERNMENT  RIGHTS 

This  invention  was  made  with  government  support  under  DOD  W8IXWH-1 1-1- 
0716  awarded  by  the  Department  of  Defense.  The  government  has  certain  rights  in  the 
5  invention. 

TECHNICAL  FIELD 

Die  invention  described  herein  pertains  to  the  treatment  of  bone  diseases.  In 
particular,  the  invention  described  herein  pertains  to  the  treatment  of  bone  diseases  responsive 
to  the  inhibition  of  osteoclastogenesis  and/or  stimulation  of  osteoblast  development  and 
10  fraction. 

BACKGROUND  AND  SUMMARY  OF  THE  INVENTION 

Osteoblasts  and  osteoclasts  are  the  two  major  types  of  bone  cells  in  hone 
remodeling.  Osteoblasts  are  bone  -'forming  cells  originated  from  mesenchymal  stem  cells,  while 
osteoclasts  are  bome-resorbing  cells  derived  from  hematopoietic  stem  cells.  These  two  types  of 
15  cells  orchestrate  a  complex  remodeling  process*  in  which  mineralized  bone  matrix  is  degraded 
by  osteoclasts  and  newly  formed  by  osteoblasts  [1,2].  In  order  to  maintain  proper  bone  mass, 
exercise  and  calcium  rich  diets  are  recommended.  However,  a.  failure  of  the  coordinated  action 
such  as  in  osteoporosis,  which  is  a  common  form  of  bone  loss  prevailing  among 
postmenopausal  women,  increases  risk  of  bone  fracture  [3].  In  order  to  de  velop  therapeutic 
20  drugs  for  treatment  of  osteoporosis,  an  understanding  of  signaling  pathways  that  govern 

osteoclastogenesis  -  development  of  pre-osteoclasts  (monocyte/macrophage)  to  multi-nucleated 
osteoclasts  -  is  required. 

Currently,  the  most  common  medications,  prescribed  for  preventing  bone  loss  in 
patients  with  osteoporosis,  are  bisphosphonates.  Bisphosphonates  preferentially  bind  to 
25  calcium  in  bone  and  induce  apoptosis  of  osteoclasts  [15].  Other  medications  using  neutralizing 
antibodies  targeted  to  EAN'KL  would  block  osteoclastogenesis  by  mimicking  QPG’s  binding  to 
RANKL  [16].  RANRL  is  a  cytokine  belonging  to  the  tumor  necrosis  factor  family,  and  is 
involved  in  T  cell-dependent  immune  responses  as  well  as  differentiation  and  activation  of 
osteoclasts  [9,  10], 

30  A  novel  target  for  treating  such  diseases  is  the  protein  complex,  eIF2,  which  is  a 

heterotrimer  essential  for  protein  synthesis,  and  eIF2a  is  one  of  us  major  components  together 
with  e.LF2p  and  eIF2y  [4],  In  response  to  various  stresses  such  as  oxidation,  radiation,  and 
stress  to  the  endoplasmic  reticulum  that  potentially  lead  to  cellular  apoptosis,  a  serine  residue  of 
eIF2a  is  phosphorylated.  This  action  would  initiate  a  pro-survival  program  by  lowering  general 
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translation  efficiency  except  for  a  group  of  genes  th  at  includes  activating  transcription  factor  4 
(ATF4)  [5],  ATF4  is  a  transcription  factor  critical  for  osteoblastogenesis  and  bone  formation 
[6].  In  osteoblasts  elevation  of  phosphorylated  eIF2a  (p-eIF2a)  is  reported  to  stimulate  the 
expression  of  ATF4  [7,  8],  Little  is  known,  however,  about  potential  effects  of  p-eIF2a  on 
5  development  of  osteoclasts. 

In  response  to  various  stresses  including  viral  infection,  nutrient  deprivation,  and 
stress  to  the  endoplasmic  reticulum,  eukaryotic  translation  initiation  factor  2  alpha  (eIF2ot)  is 
phosphorylated  to  cope  with  stress  induced  apoptosis.  Although  bone  cells  are  sensitive  to 
environmental  stresses  that,  alter  the  phosphorylation  level  of  elf  2a,  little  is  known  about,  the 
1 0  role  of  eIF2a  mediated  signaling  during  the  development  ofbone-resorbing  osteoclasts.  It  has 
been  discovered  herein  that  by  selectively  inhibiting  de-phosphorylation  of  elF2a,  the  effects  of 
phosphorylation  of  elF2a  on  osteoclastogenesis  of  RAW264.7  pre-osteoclasts  as  well  as 
development  of  MC3T3  El  osteoblast-like  cells  are  affected.  Two  illustrative  agents,  salubrinal 
and  guanabenz,  demonstrate  that  selectively  inhibiting  de-phosphorylation  ofeIF2(x,  results  in 
15  stimulated  matrix  deposition  of  osteoblasts  through  upregulation  of  activating  transcription 
factor  4  (ATF4),  reduced  expression  of  nuclear  factor  of  activated  T  cells  cl  (NFATcl)  and 
inhibited  differentiation  of  RAW264.7  cells  to  multi-nucleated  osteoclasts.  In  contrast,  partial 
silencing  of  eIF2ct  with  RNA  interference  reduced  suppression  of  salubrinal/guanabenz-driven 
downregulation  of  NFATcl.  It  has  been  observed  herein  that  the  elevated  phosphorylation 
20  level  of  eIF2a  not  only  stimulates  osteoblastogenesis  but  also  inhibits  osteoclastogenesis 

through  regulation  of  ATF4  and  NFATcl  ,  supporting  the  role  oi  such  selective  inhibitor  of  de- 
phosphorylation  of  eIF2a  in  treating  and/or  preventing  bone  loss  in  osteoporosis,  fracture,  and 
other  bone  diseases. 

It  has  also  been  discovered  herein  that  the  compounds  described  herein  can 
25  regulate  expression  of  NFATcl  at  a  transcriptional  level.  Without  being  bound  by  theory,  it  is 
believed  herein  that  the  elevation  of  p-eIF2a  stimulates  osteocalcin  expression  through 
upregulation  of  ATF4  in  osteoblasts  and  inhibits  TRAP  expression  via  downregulation  of 
NFATcl  in  pre-osteoclasts.  Silencing  eIF2ot  with  RNA  interference  reduces  suppression  of 
salubrinal/guanabenz-driven  downregulation  of  NFATcl.  Thus,  the  compounds  described 
30  herein  are  useful  in  regulating  bone  remodeling  through  eIF2cx~mediated  signaling  for 
combating  bone  loss  in  osteoporosis,  and  related  diseases. 

Osteoblasts  and  osteoclasts  extensively  interact  through  molecular  pathways 
including  RANK  (receptor  activator  of  nuclear  factor  kappa-B)/RANKL  (RANK  ligand)/OPG 
(osteoprotegerin)  signaling  [9,  10]  and  Wnt  signaling  [1 1].  It  has  been  discovered  herein  that 


-2- 


29920-224628 

osteoclastogenesis  is  regulated  by  signaling  molecules  that  also  affect  osteoblastogenesis. 
Furthermore,  it  has  been  discovered  that  osteoclastogenesis  is  influenced  by  various  stresses 
such  as  estrogen  deficiency  and  disuse  or  unloading  [12].  It  has  also  been  discovered  herein 
that  elevation  of  p-eIF2a  suppresses  differentiation  of  pre-osteoclasts  to  multi-nucleated 
5  osteoclasts,  and  that  elevation  of  p-eIF2a  can  provide  stress-relieving  effects  on  osteoblasts. 

In  one  embodiment,  described  herein  are  compounds,  compositions,  methods, 
and  uses  for  treating  and/or  preventing  bone  loss  in  osteoporosis,  fracture,  and  other  bone 
diseases.  The  compounds,  compositions,  methods,  and  uses  include  selective  inhibitors  de¬ 
phosphorylation  of  eIF2ot,  such  as  salubrinal  and  guanabenz  [13,  14].  It  is  understood  herein 
10  that  the  signaling  pathway,  mediated  by  eIF2a,  is  not  directly  linked  to  known  agents  for 
osteoclastogenesis  such  as  calcium  binding  agents  and  RANKL. 

In  another  embodiment,  pharmaceutical  compositions  containing  one  or  more  of 
the  compounds  are  also  described  herein.  It  is  to  he  understood  that  the  compositions  may 
include  other  component  and/or  ingredients,  including,  but  not  limited  to,  other  therapeutically 
15  active  compounds,  and/or  one  or  more  carriers,  diluents,  excipients,  and  the  like. 

It  is  appreciated  herein  that  the  compounds  described  herein  maybe  used  alone 
or  in  combination  with  other  compounds  useful  for  treating  bone  diseases,  including  those 
compounds  that  may  be  therapeutically  effec  tive  by  the  sam  e  or  different  modes  of  action.  In 
addition,  it  is  appreciated  herein  that  the  compounds  described  herein  may  be  used  in 
20  combination  with  other  compounds  that  are  administered  to  treat  other  symptoms  of  bone 

disease. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1,  Osteogenic  effects  of  salubrinal  on  MC3T3  El  (clone  14)  osteoblast 
cells.  CN  —  control,  Sal  =  salubrinal,  and  Tg  ~  thapsigargtn.  The  double  asterisk  indicates  p< 
25  0.01  in  comparison  to  CN.  (A)  Cell  mortality  ratio  and  relative  cell  numbers.  (B)  No  activation 

of  cleaved  easpase  3  by  salubrinal.  (C)  Alizarin  red  S  staining  area  in  response  to  5,  10,  and  20 
pM  salubrinal. 

Figure  2.  Upregulation  of  p-eIF2oc,  ATF4  and  osteocalcin  by  salubrinal  in 
MC3T3  El  (clone  14)  osteoblast  cells  in  response  to  5  pM  salubrinal.  CN  =  control,  Sal  = 

30  salubrinal,  and  NC  =  non-specific  control  siRNA.  The  double  asterisk  indicates  p  <  0.01  in 
comparison  to  CN  or  NC.  The  double  dagger  indicates  with  p  <  0.01  in  comparison  to  the 
salubrinal-treated  NC  siRNA  cells.  (A)  Western  blot  analysis  of  p-  eIF2ot  and  ATF4.  ( B) 
Salubrinal  driven  elevation  of  osteocalcin  mRNA  level.  (C)  ATF4  level  after  transfecting 
siRNA  specific  to  ATF4.  (D)  Relative  mRNA  levels  of  ATF4  in  response  to  RNA  interference 
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with  ATF4  siRNA  and  non-specific  control  (NC)  siRNA.  (E)  Relative  mRNA  levels  of 
osteocalcin  (OCN),  The  asterisk  is  for  the  comparison  to  the  control  with  NC  siRN  A,  and  the 
dagger  is  the  comparison  between  the  samples  transfected  with  ATF4  siRNA. 

Figure  3.  Inhibitory  effects  of  salubrinal  on  RAW264.7  pre-osteoclasts.  CN  = 

5  control,  and  Sal  =  salubrinal.  The  single  and  double  asterisks  indicate p  <  0.05  and p  <  0.01  in 
comparison  to  the  RANKL-treated  cells,  respectively.  (A)  Cell  mortality  ratio.  (B)  Relative 
cell  numbers.  (C)  Dose-dependent  suppression  of  RANKL  driven  activation  of  osteoclasts  by 
salubrinal.  (D)  Dose-dependent  suppression  of  TRAP-positive  multi-nucleated  cells  by 
salubrinal, 

10  Figure  4.  Reduction  of  RANKL-inducedNFATcl  expression  by  salubrinal.  Sal 

-  salubrinal.  The  relative  intensity  of  NFATcl  to  p-actin  is  shown.  (A)  Expression  of  NFATcl 
(2  days  after  RANKL  administration).  (B)  Expression  of  NFATcl  (4  days  after  RANKL 
administration), 

Figure  5.  Effects  of  salubrinal  on  mRNA  expression  levels  of  NFATcl ,  c-Fos, 

15  TRAP,  and  OSCAR.  CN  ~  control.  The  single  and  double  asterisks  indicate  significant 

decreases  with  p  <  0.05  and p  <  0.01  in  comparison  to  the  RANKL-treated  cells,  respectively. 
The  single  and  double  daggers  indicate  significant  increases  with  p  <  0.05  and p  <  0.01  in 
comparison  to  the  RANKL-treated  cells,  respectively.  (A)  Messenger  RNA  levels  (2  days  after 
RANKL  administration).  (B)  Messenger  RNA  levels  (4  days  after  RANKL  administration). 

20  Figure  6.  Temporal  expression  profile  of  p-ERK,  p~p38  MAPK,  p-NFxB,  p- 

eIF2«  and  NFATc  l  in  the  presence  and  absence  of  20  pM  salubrinal.  (A)  Western  blot 
analysis  of  p-ERK,  p-p38  MARK,  p-NFxB,  and  p-eIF2oc  at  15,  30,  60  and  120  min.  (B) 

Western  blot  analysis  of  e'IF2«-p  and  NFATcl .  (C)  Comparison  of  the  expression  level  of 
eJF2oc-p  and  NFATc  l  with  and  without  20  pM  salubrinal.  The  normalized  level  of  “1”  was 
25  defined  as  the  level  for  the  cells  that  were  not  treated  with  RANKL  without  administration  of 
salubrinal. 

Figure  7.  Inhibitory  effects  of  guanabenz  on  development  of  RAW264.7  pre¬ 
osteoclasts.  CN  -  control,  and  Gu  -  guanabenz.  The  single  and  double  asterisks  indicate 
significant  decreases  with p  <  0.05  and  p  <  0.0!  in  comparison  to  the  RANKL-treated  cells, 

30  respectively.  (A)  Cell  mortality  ratio,  (B)  Relative  cell  numbers.  (C)  Dose -dependent 

suppression  of  RANKL  driven  acti  vation  of  osteocla  sts  by  guanabenz,  (D)  Dose-dependent 
suppression  of  TRAP-positive  multi-nucleated  cells  by  guanabenz. 

Figure  8.  Reduction  of  RANKL-inducedNFATcl  expression  by  guanabenz.  CN 
=  control,  and  Gu  =  guanabenz.  The  single  and  double  asterisks  indicate  significant  decreases 
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with  p  <  0.05  and  j o  <  0.01  in  comparison  to  the  RANKL-treated  cells,  respectively.  (A) 
Expression  of  NFATcl  (2  days  after  RANKL  administration).  (B)  Messenger  RNA  levels  of 
NFATcl,  c-Fos,  TRAP,  and  OSCAR  (2  days  after  RANKL  administration). 

Figure  9.  Temporal  expression  profile  of  p-eiF2a  and  NFATcl  in  the  presence 
5  and  absence  of  20  uM  guanabenz.  Gu  =  guanabenz.  (A)  Western  blot  analysis  of  eIF2a-p  and 
NFATcl .  (B)  Comparison  of  the  expression  level  of  eIF2a-p  and  NFATcl  with  and  without  20 
(xM  guanabenz.  The  normalized  level  of  “1”  was  defined  as  the  level  for  the  cells  that  were  not 
treated  with  RANKL  without  administration  of  guanabenz. 

Figure  10.  Reduction  in  salubrinal/guanabenz  driven  suppression  of  NFATcl 
10  expression  by  RNA  interference  specific  for  eIF2a.  Sal  =  salubrinal,  Gu  =  guanabenz,  and  NC 
=  non-specific  control  siRNA.  The  single  and  double  asterisks  indicate  significant  changes  to 
the  RANKL-treated  NC  siRNA  cells  with  p  <  0.05  and p  <  0.01,  respectively.  The  single  and 
double  daggers  indicate  significant  changes  to  the  salubrinal  or  guanabenz-treated  NC  siRNA 
cells  with  p  <  0.05  and p  <  0,01,  respectively.  (A)  eIF2a  level  after  transfecting  siRNA  specific 
15  to  eIF2oc,  (B)  Western  blot  analysis  ofp-NFxB  and  NFATcl.  (C)  Comparison  of  the  expression 
level  of  NFATcl  between  control  siRNA  and  eXF2a  siRNA. 

Figure  1 1  shows,  though  without  being  bound  by  theory,  an  illustrative 
mechanism  of  eIF2a  signaling  on  osteoclastogenesis  through  NFATcl. 

Figure  SI .  Osteogenic  effects  of  salubrinal  on  MC3T3  El  osteoblast  ceils.  CN  = 
20  control,  and  Sal  =  salubrinal.  The  double  asterisk  indicates p  <  0,01  in  comparison  to  CN.  (A) 
Cell  mortality  ratio  in  response  to  0. 1  -  30  pM  salubrinal.  (B)  Relative  cell  numbers  in 
response  to  0.1  -  30  uM  salubrinal.  (C)  Alizarin  red  S  staining  area  in  response  to  0,1,  0.5, 1,  5, 
10,  and  20  |iM  salubrinal. 

Figure  S2.  Upregulation  ofp-eIF2a,  ATF4  and  osteocalcin  by  salubrinal  in 
25  MC3T3  El  osteoblast  cells.  CN  =  control,  and  Sal  -  salubrinal.  Tire  single  and  double 

asterisks  indicate p  <  0.05  and p  <  0,01  in  comparison  to  CN,  respectively.  (A)  Western  blot 
analysis  of  p-  eEF2a  and  ATF4.  (B)  Salubrinal-driven  elevation  of  the  levels  of  ATF4  mRNA 
and  osteocalcin  mRNA. 

Figure  S3,  Osteogenic  effects  of  guanabenz  on  MC3T3  E3  osteoblast  cells.  CN 
30  =  control,  and  Gu  =  guanabenz.  The  single  and  double  asterisks  indicate p  <  0.05  and  p  <  0.01 

in  comparison  to  CN,  respectively.  (A)  Cell  mortality  ratio.  (B)  Relative  cell  numbers.  (C) 
Western  blot  analysis  of  p-  eIF2a  and  ATF4.  (D)  Guanabenz-driven  elevation  of  the 
osteocalcin  mRNA  level. 

Figure  S4.  No  significant  effects  of  salubrinal  and  guanabenz  on  cell  mortality, 
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cell  numbers,  and  expression  of  NFATcl  and  TRAP  in  RAW264.7  cells  in  the  absence  of 
RAJSfKL  administration.  CN  -  control,  Sal  =  salubrinal,  and  Gu  «  guanabenz.  (A)  Cell 
mortality  ratio.  (B)  Relative  cell  numbers.  (C)  Expression  of  NFATcl.  (D)  Relative  mRNA 
levels  of  NFATcl  and  TRAP. 

5  DETAILED  DESCRIPTION 


10 


15 


20 


In  one  embodiment,  selective  inhibitors  of  de-phosphorylation  of  eD?2a  are 
described  herein  for  treating  and/or  preventing  bone  loss  in  osteoporosis,  fracture,  and  other 
bone  diseases,  illustrative  inhibitors  include  compounds  of  the  formula 
Rc  Rd  R® 


R 


X  Ra  Y 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

X  is  O  or  S; 

Y  is  O  or  S; 

R1  is  alkyl  cycloalkyl  alkenyl,  cycloalkenyl,  aryl  or  heteroaryl  c&ch  of  which 
is  optionally  substituted; 

R2  is  alkyl  cycloalkyl,  alkenyl  cycloalkenyl  aryl  heteroaryl  cycloalkylalkyl 
cycloalkenyl  alkyl  arylalkyl,  hetcroarylalkyl,  cycloalkylalkenyl  cycloalkenylalkenyl, 
arylalkenyl,  or  heteroaryl  alkenyl,  each  of  which  is  optionally  substituted; 

Ra  is  optionally  substituted  alkyl; 

Rb  is  II  or  optionally  substituted  Ci-C 6  alkyl; 

Rc,  Rd,  and  Re  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  Ci-Cg  alkyl  acyl  or  a  prodrug  capable  of  releasing  the  attached  nitrogen 


in  vivo . 

It  is  to  be  understood  that  the  various  genera  and  subgenera  of  each  of  X,  Y,  R1 5 
R2,  Rl  Rb,  Rc,  RG,  and  RG  are  described  herein.  It  is  to  be  understood  that  all  possible 
25  combinations  of  the  various  genera  and  subgenera  of  each  of  X,  Y,  R.1,  R2,  Ra,  Rb,  Rc,  K\  and 
Re  are  described  herein  represent  additional  illustrative  embodiments  of  compounds  of  the 
invention  described  herein,  It  is  to  be  further  understood  that  each  of  those  additional 
illustrative  embodiments  of  compounds  may  be  u  sed  in  any  of  the  compositions,  methods, 
and/or  uses  described  herein. 


30 


Further  illustrative  inhibitors  include  compounds  of  the  formula 


X — [f — 
\ 


r 


-"rV"R! 


nr2 
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where 

X  represents  five  substituents  each  independently  selected  from  hydrogen,  halo, 
hydroxy,  amino,  thio,  carboxylate  or  a  derivative  thereof,  sulfmyl  or  a  derivative  thereof, 
sulfonyl  or  a  derivative  thereof,  phosphmy!  or  a  derivative  thereof,  or  phosphonyl  or  a 
5  derivative  thereof,  or  alkyl,  alkenyl,  alkynyl,  cycloalkyl,  cycloalkenyl,  heteroalkyl, 
heteroalkenyl,  cycloheteroalkyl,  cycloheteroalkenyl,  aryl,  heteroaryl,  arylalkyl,  or 
heteroarylalkyl,  each  of  wliich  is  optionally  substituted;  and 

R  is  independently  selected  in  each  instance  from  hydrogen,  hydroxy,  amino, 
carboxylate  and  derivatives  thereof,  sulfonyl  and  derivatives  thereof,  and  alkyl,  alkenyl, 

10  alkynyl,  cycloalkyl,  eycloalkenyl,  heteroalkyl,  heteroalkenyl,  cycloheteroalkyl, 

cycloheteroalkenyl,  aryl,  heteroaryl,  arylalkyl,  and  heteroarylalkyl,  each  of  which  is  optionally 
substituted,  and  nitrogen  prodrag  forming  groups. 

M.C3T3  El  osteoblast-like  cells  [17]  and  KAW264.7  cells  [18]  are  employed  to 
evaluate  osteoblastogenesis  and  osteoclastogenesis,  respectively.  In  the  presence  and  absence- 
15  of  salubrinal  and  guanabenz,  MC3T3  El  cells  are  cultured  in  an  osteogenic  medium  for 

evaluation  of  matrix  deposition,  while  RAW264.7  cells  in  an  osteoclast  differentiation  medium 
for  evaluation  of  multi-nucleation.  Alizarin  Red  S  staining  is  performed  to  evaluate  osteoblast 
mineralization  for  MC3T3  El  cells,  and  TRAP  staining  is  conducted  to  determine  multi- 
nucleated  osteoclasts  proliferation  for  RAW264.7  cells.  To  analyze  molecular  signaling 
20  pathways,  quantitative  real-time  PCR  and  Western  blot  analysis  are  conducted.  The  naRNA 
levels  of  ATF4,  osteocalcin,  c-Fos  [19],  tartrate-resistant  acid  phosphatase  (TRAP)  [20],  and 
osteoclast-associated  receptor  (OSCAR)  [21]  are  determined.  The  protein  expression  levels  of 
eIF2a,  ATF4,  and  nuclear  factor  of  activated  T  cells  cl  (NFATcl)  [22]  are  also  determined. 
NFATcl  is  a  transcription  factor,  which  is  reportedly  important  for  development  and  activation 
25  of  osteoclasts  in  response  to  RANKJL  RNA  interference  using  siRNA  specific  to  ATF4  and 
eIF2a  is  conducted  to  evaluate  the  role  of  ATF4  in  osteoblastogenesis  and  eIF2a  in 
osteoclastogenesis. 

Without  being  bound  by  theory  it  is  believed  herein  that  the  compounds 
described  herein  are  efficacious,  at  least  in  part,  due  to  the  ability  to  inhibit  the  differentiation  of 
30  RAW264.7  pre-osteoclasts  to  multi-nucleated  osteoclasts.  Without  being  bound  by  theory  it  is 

believed  herein  that  the  compounds  described  herein  are  efficacious,  at  least  in  part,  due  to  the 
ability  to  block  de-phosphorylation  of  eIF2a  and  elevate  the  level  of  p-eIF2oc.  It  has  been 
discovered  herein  that  the  growth  area,  covered  by  multi-nucleated  cells,  is  significantly 
reduced  by  salubrinal  and  guanabenz  in  a  dose  dependent  manner.  Partially  silencing  eIF2a 
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using  RNA  interference  significantly  suppressed  sahibrinahguanabenz-driven  reduction  of 
NFATcl  expression.  Together  with  the  stimulated  development  of  MC3T3  El  osteoblasts  by 
an  increase  in  ATF4  expression,  the  results  herein  support  the  conclusion  that  eIF2a  mediated 
signaling  plays  a  physiological  role  in  osteoclasiogenesis  and  osteoblastogenesis,  and  can  he 
5  used  in  treating  osteoporosis,  fractures,  and  other  bone  diseases  and  disorders. 

It  is  understood  herein  that  both  salubrinal  and  guanabenz  interact  with  PPI  and 
inhibit  its  activity  of  d  e-pho sphorylatmg  p-eIF2cc.  Furtehr,  guanabenz  is  reported  to  bind  to 
PPIR15A  subunit  [14],  while  the  exact  binding  site  of  salubrinal  is  not  known.  Guanabenz  is 
also  known  as  an  a^-adrenergic  receptor  agonist  and  used  to  treat  hypertension  [24].  Without 
1 0  being  bound  by  theory,  it  is  believed  herein  that  the  observed  stimulation  of  osteoblastogenesis 
as  well  as  attenua  tion  of  osteoclasiogenesis  by  both  agents  strongly  indicates  that  eIF2a~ 
mediated  signaling  is  central  to  regulation  of  ATF4  and  NFATcl,  This  belief  is  also  supported 
by  the  salubrinal -driven  alterations  in  the  mRNA  levels  of  osteocalcin  and  TRAP,  which  are 
representative  in  development  of  osteoblasts  and  osteoclasts,  respectively.  Osteocalcin  is 
15  synthesized  solely  by  osteoblasts  for  matrix  mineralization  and  calcium  homeostasis  [25],  while 
TRAP  is  highly  expressed  in  osteoclasts  and  its  overexpression,  has  been  observed  to  cause 
bone  loss  in  transgenic  mice  [26], 

The  elevation  of  p-eJF2a  has  been  discovered  herein  to  enhance  the 
development  of  osteoblasts  and  mineralization  of  extracellular  matrix.  In  response  to  various 
20  stresses  such  as  oxidation,  radiation,  and  stress  to  the  endoplasmic  reticulum,  cells  undergo 
either  survival  or  apoptotic  pathway  [27],  As  part  of  a  pro-survival  program,  the  level  of  p- 
eIF2a,  is  raised  followed  by  diminished  translational  efficiency  to  all  proteins  except  for  a 
limited  group  including  ATF4  [5].  Salubrinal9  s  action  mimics  the  induction  of  pro-survival 
program  without  imposing  damaging  stresses,  which  result  in  the  upregulation  of  ATF4  without 
25  inducing  apoptosis.  Since  ATF4  is  a  transcription  factor  critical  for  osteoblastogenesis  and 

bone  formation,  the  effects  of  administration  of  salubrinal  and  guanabenz  on  the  mRNA  level  of 
osteocalcin  as  well  as  the  mineralization  of  extracellular  matrix  was  examined.  Silencing  ATF4 
using  RNA  interference  significantly  suppressed  salubrinal-driven  upregulation  of  osteocalcin 
expression.  Thus,  the  result  here  is  consistent  with  the  previously  reported  role  of  salubrinal 
30  that  stimul  ates  new  bone  formation  in  the  healing  of  bone  wound  [8]. 

Without  being  bound  by  theory,  a  schematic  diagram  illustrating  a  proposed 
pathway  of  eIF2a-mediated  signaling  in  osteoblastogenesis  and  osteoclastogenesis  is  presented 
(Fig.  1 1).  Through  inhibition  of  de-phosphorylation  of  eIF2og  salubrinal  and  guanabenz  are 
capable  of  enhancing  bone  formation  by  acti  vating  ATF4,  as  well  as  reducing  bone  resorption 


-  8  - 


29920-224628 

by  down-regulating  NFATc  1 ,  Osteoelastogenesis  is  a  multicomponent  developmental  process, 
in  which  active  interactions  lake  place  between  osteoblasts  and  osteoclasts.  In  the 
RAJSIK'liANKL/'OPG  signaling  pathway,  for  instance,  osteoblasts  provide  RANKL  that 
stimulates  osteoelastogenesis.  Since  binding  of  RANKL  to  RANK  is  known  to  activate 
3  MAPKs  and  MFkB  [28,  29],  the  potential  role  of  ERR,  p38,  andMFKB  in  the  eTF2a-mediated 
signaling.  The  levels  otp-ERK,  p~p3  8  MARK,  and  p-NF kB  together  with  p-eIF2a  were 
evaluated  by  measuring  the  response  to  administration  of  20  pM  salubrinal.  However,  no 
detectable  changes  in  the  levels  of  their  phosphorylated  form  were  observed.  Without  being 
bound  by  theory,  it  is  believed  herein  that  salubrinal  may  activate  transcription  factors  such  as 
10  MafB  (V-maf  musculoaponeurotic  fibrosarcoma  oncogene  homolog  B),  1RF8  (interferon 
regula  tory  factor  8),  and  Bc36  (B-cell  lymphoma  6),  which  are  known  to  be  Inhibitors  of 
NFATc  1  [30-32],  Alternatively,  microRNA  and  epigenetic  changes  such  as  histone 
modification  regulate  expression  of  NFATc  1  might  be  involved  [33,  34],  For instance,  H3K27 
demethylase  is  reported  to  demcthylste  the  site  of  H3K2?aae3  of  NFA  Tc  i  and  stimulate 
15  RANKL-indueed  osteoelastogenesis  (34], 

Several  illustrative  embodiments  of  the  invention  are  described  by  the  following 
enumerated  clauses : 

1 .  A  method  for  treating  osteoporosis,  fracture,  or  a  bone  defect  in  a  host 
animal,  the  method  comprising  the  Step  of  administering  to  the  host  animal  a  therapeutically 

20  effective  amount  of  one  or  more  compounds  capable  of  selectively  inhibiting  de- 

phosphoryiation  of  eIF2a;  where  the  amount  is  capable  of  (a)  stimulating  matrix  deposi  tion  of 
osteoblasts,  (b)  upregulating  activating  transcription  factor  4  (ATF4),  (c)  reducing  expression  of 
nuclear  factor  of  activated  T  cells  cl  (NFATcl),  (d)  inhibiting  differentiation  of  R.4W264.7 
cells  to  multi-nucleated  osteoclasts,  (e)  stimulating  osteoblastogenesis,  or  (f)  inhibiting 
25  osteoelastogenesis,  or  a  combination  of  the  foregoing,  or  a  pharmaceutically  acceptable 
composition  comprising  the  one  or  more  compounds. 

2.  The  method  clause  1  wherein  at  least  one  compound  is  of  tttc  formula 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

30  X  is  O  or  S; 

Y  is  G  or  S; 

R!  is  alkyl,  cycloalkyl,  alkenyl,  cycloalkenyl,  aryl,  or  heteroaryl,  each  of  which 
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is  optionally  substituted; 

R1  is  alkyl,  cycloalkyl,  alkenyl,  cyeloaUcenyl,  aryl,  heteroaryl,  cycloalkylalkyl, 
eycloalkenylalkyl,  atylalkyl,  heteroarylalkyl,  cycloalkylalkenyl,  cycloalkenylalkenyb 
arylalkenyl,  or  lietcroarylalkenyl,  each  of  which  is  optionally  substituted; 

5  R*  is  optionally  substituted  alkyl; 

Rb  is  H  or  optionally  .'substituted  Ci-Cg  alkyl; 

R.°,  Rd,  and  R®  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  Cj-C<5  alkyl,  acyl,  or  a  prodrug  capable  of  releasing  the  attached  nitrogen 
in  vivo. 

10  3.  The  method  clause  I  or  2  wherein  at  least  one  compound  is  of  the 

formula 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

X  is  O  or  S; 

15  Y  is  O  or  S; 

R*  is  a  lkyl,  cydoalkyl,  alkenyl,  eycloalkeuyl,  aryl,  or  heteroaryl,  each  of  which 
is  optional  ly  substituted; 

R~  is  alkyl,  cycloalkyl,  alkenyl,  cycloalkenyl ,  aryl,  heteroaryl,  Cycloalkylalkyl, 
cycldllkenyMkyl,  arylalkyl,  heteroarylalkyl,  cycloalkylalkenyl,  cycloalkenylalkenyl, 

20  aryialkenyl,  or  heteroarylalkenyl ,  each  of  which  is  optionally  substituted; 

Ra  is  optionally  substituted  alkyl; 

Is  H  or  optionally  substituted  Cj-Cs  alkyl; 

R',  Rd  and  R'  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  Cj-Cf,  alkyl,  acyl,  or  a  prodrag  capable  of  releasing  the  attached  nitrogen 
25  in  vivo; 

or  a  composites  thereof  further  comprising  one  or  more  carriers,  diluents,  or 
excipients,  or  a  combination  thereof. 

4,  five  method  of  any  one  of  the  preceding  clauses  wherein  at  least  one 

compound  is  of  the  formula 
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R 


Rb 


Y 


N 


,N 


PY 


X  R?  Y 
or  a  ph  armace atteally  acceptable  salt  thereof,  wherein: 

X  is  O  or  S; 

Y  is  O  of  S* 

5  R5  is  alkyl,  eyelo&lfcyh  alkmyl?,cycip4kenyl5:  aryl,  or  heteroaryi,  each  of  which 

xs  optionally  substituted; 

R2  is  alkyf  cyeioalkyf  alkenyl  cycloalkeuyl,  aryl,  heteroaryi  cycloa&ylallyd, 
cycloalkenylalkyl  arylalkyl,  heteroaryialkyl  cycioalkyialkenyl?  eycioalkenylalkenyl, 
arylalkeByl,  or  lieteroatydalken  yi  each  of  which  is  optionally  substituted; 

I  f)  R*  is  optionally  substituted  alkyl; 

1?  is  H  or  optionally  substituted  C\~C$  alkvl; 

Rct  Rd,  and  Re  are  each  independently  selected  from  the  group  consisting  o£Hs 
optionally  substituted  CrCs  alkyl  acyl  or  a  prodrug  capable  of  releasing  the  attached  nitrogen 
in:  vivo, 

IS:  5.  The  method  of  any  one  of  the  preceding  clauses  wherein  R 1  is  alkyl,  aryl 

or  heteroaryi  each  of  which  is  optionally  substituted. 

6.  The  method  of  any  one  of  the  preceding  clauses  wherein  R1  is  aryl  or 
heteroaryi  each  of  which  is  optionally  substituted. 

7.  The  method  of  any  one  of  the  preceding  clauses  wherein  R2  is  alkenyl 

20  heteroaryi  cydoalky  lalkyl,  eye loa  Ikenylalkyl  arylalkyl,  heteroaryialkyl  cycloa ikylalkeny  l 

oycloalkenylalkenyl;  arylalkenyk  or  lieteroarylalkenyl  each,  of  which  is  optionally  substituted, 

8 .  The  method  of  any  one  of  the  preceding  clauses  wherein  R2  is  alkenyl , 
cycloalky  la  iky  1,  cycloalkcnylalkyd,  arylalkyk  heteroaiyialkyl.  eye  toalkyl  alkenyl, 

cycloa] keny lalkenyk  arylalkenyl,  or  heteroarylalkenyl  each  of  which  is  optionally  substituted. 
25  9 .  The  method  of  any  one  of  the  preceding  clauses  wherein  at  least  one 

compound  is  a  compound  of  the  fonnula 
R° 

N. 

I 


^  Y 


Rd  Re 

1  R&  ' 
NL 


X  Ra  Y 
of  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

.X  and  Y  are  independently  O  or  S; 
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10 


Ara  and  Ar°  are  independently  aryl  or  heteroaryL  each  of  which  is  optionally 

substituted; 

K?  is  optionally  substituted  alkyl; 

Rb  is  II  or  optionally  s'uhstitiited  Ch-Ce;  alkyl; 

Rf,  Rd,  and  Ec  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  s  ubstituted  Cj-C*  alkyl,  acyl,  and  a  prodrug  capable  of  releasing  the  attached 
nitrogen  in  vivo  to  form  the  corresponding  M  or  salt  derivative  thereof; 

and  A  and  B  are  independently  H*  or  optionally  siibstitnted  CrCe  alkyl 

1 0,  The  method  of  clause  9  wherein  the  aryl  is  a  bicyelie  aryl. 

11 ,  The  method  of  clause  9  or  10  wherein  the  heteroaryl  is  a  bicyelie 

heleroaryL 

12,  The  method  of  any  one  of  cl  auses  9  to  1 1  wherein  the  aryl  or  heteroaryl 
is  optionally  substituted  with  one  or  more  substituents  selected  from  the  group  consisting  of 
halo,  nitrile,  or  optionally  substituted  Cj alkyl,  CrCs  alkoxy,  drC6  haloalkyh  Cf-Cs 
haloaSkoxy,  aryl,  aryloxy*  heterocyclyl,  heterocyelyioxy,  fused  aryl,  and  fused  heteroeyclyl. 

13,  Hie  method  of  any  one  of  clauses  9  to  12  wherein  the  alkenyl  has  m  E 


geometry, 

14,  The  method  of  any  one  of  the  preceding  clauses  wherein  at  least  one 
compound  is  of  the  formula 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein, 

X  is  0  or  S; 

Y  is  O  or  S; 

Afa  and  Arb  are  independently  aryl  or  heteroaryl,  each  of  which  is  optionally 
25  substituted;  and 

R*  is  optionally  substituted  alkyl, 

15v  Tlie  method  of  clause  14  wherein  the  aryl  is  a  bicyelie  aryl 

16.  The  method  of  clause  14  or  15  wherein  Ax&  is  a  bicydic  hcteroaryl 

1 7.  The  method  of  any  one  of  clauses  14  to  1 6  wherein  the  aryl  or  heteroaryl 
30  is  optionally  substituted  with  one  or  more  substituents  selected  from  the  group  consisting  of 

halo,  nitrile,  or  optionally  substituted  Cf-Cg  alkyl,  Ci-Cg  aikoxy,  Ci-Gg  haloalkyf  CiA^y 
haloalkoxy*  aryl,  afyloxy*  heterocyclyh  heterocyclyloxy,  fused  aryl,  and  fused  heterocydyL 

18.  The  method  of  any  oxie  of  clauses  14  to  17  wherein  Ra  is  haldalkyl 
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19,  Tile  method  of  any  one  of  clauses  14  to  18  wherein  Ra  is  not 
trifluoromethyL 

20,  The  method  of  any  one  of  clauses  14  io  19  wherein  Ra  is  haloalkyf 
where  halo  is  selected  from  the  group  consisting  of  oh  loro  and  hroroo,  and  combinations 


S  thereof 


2  L  The  method  of  any  one  of  clauses  14  to  20  wherein  Rd,  and  Re  are 


each  independently  selected  from  the  group'  consisting  of  H, :optionaBy ' substituted  Cr'Ce -aikyl, 
and  acyl, 

22,  lire  method  of  any  one  of  the  preceding  clauses  wherein  at  least  one 
10  compound  is  salubrinal,  or  an  analog  or  a  derivative  thereof  or  a  pharmaceuticaily  acceptable 

salt  of  the  foregoing, 

23,  The  method  of  any  one  of  the  preceding  clauses  whereto  at  least  one 
compound  i  s  of  the  form  ula 


15  or  a  pharmaceutically  acceptable  salt  thereof,  wherein 

X  represents  five  substituents  each  independently  selected  from  hydrogen,  halo, 
hydroxy  and  derivatives  thereof,  amino  and  derivatives  thereof,  thio  and  derivatives  thereof, 
carboxylate  or  a  derivative  thereof,  sulfinyl  or  a  derivative  thereof,  sulfbpyl  or  a  derivative 
thereof,  phosphinyl  or  a  derivative  thereof,  or  phosphonyi  or  a  derivative  thereof'  dr  alkyl, 

20  alkenyl,  alkynvl,  cycloalkyl,  cycloalkenyl,  heteroaSkyl,  heteroalkenyl,  cyefoheteroalkyl, 

cycloheteroalkenyl,  aryl,  heteroaryl,  arylalkyl,  or  heteroarylalkyl ,  each  of  which  is  optionally 
substituted;  and 

R  is  independently  selected  in  each  instance  from  hydrogen,  hydroxy  and 
derivatives  thereof,  amino  and  derivatives  thereof,  carboxylate  and  derivatives  thereof,  sulfonyl 
25  and  derivatives  thereof,  and  alkyl,  alkenyl,  alkynyi,  cycldalkyl,  cycloalkenyl,  heteroalkyl, 
heteroalkenyl,  cycloheterpdfkyl,  cyeloheteroallcenyl ,  aryl,  heteroaryl,  aryialkyl,  and 
heteroarylalkyl,  each  of  which  is  optionally  substituted,  and  nitrogen  prodrug  forming;  groups, 

24.  The  method  of  clause  23  wherein  at  least  one  X  is  halo,  such  as  chloro. 

25.  The  method  of  clause  23  wherein  at  least  one  X  is  optionally  substituted 
30  alkyl,  such  as  methyl  or  inf;  uororn  ethyl. 

26.  Tire  method  of  clause  23  wherein  at  least  one  X  is  optionally  substituted 
alkoxy,  such  as  methoxy  or  trifluorom  ethoxy. 

27.  The  method  of  any  one  of  the  preceding  clauses  wherein  at  least  one 
compound  is  of  the  formula 
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X 

X 


V  Xk 


N 

NR2 


or  a  phamaceutically  acceptable  salt  tiiereof 

28,  The  method  of  clause  27  wherein  each  X  is  halo, 

29,  The  method  of  clause  27  wherein  each  X  i  s  eh  tore. 

30,  The  method  of  any  one  of  clauses  27  to  29  wherein  each  R  is  hydrogen 

3 1  i  The  method  of  any  one  of  clauses  27  to  30  wherein  at  least  one 

compound  is  guanabems  or  a  phannaeeutically  acceptable  salt  thereof, 

32,  Tlie  method  of  any  one  of  the  preceding  clauses  wherein  the  composition 
further  comprises  one  or  more  earners,  diluents,  or  excipients,  or  a  combination  thereof 

33  ,  The  method  of  any  one  of  the  preceding  clauses  wherein  the  host  animal 

is  a  human. 


The  compounds  described  herein  may  contain  one  or  more  chiral  centers,  or  may 
Otherwise  he  capable  of  existing  as  multiple  stereoisomers.  It  is  to  be  understood  that  in  one 
embodimenf  the  invention  described  herein  is  not  limited  to  any  particular  slcrochemical 
1 5  requirement,  and  that  the  compounds,  and  compositions,  methods,  uses,  and  medicaments  that 
include  them  may  be  optically  pure,  or  may  be  any  of  a  variety  of  stereoisomeric  mixtures, 
including  racemic  and;  other  mkt.ur^:0?:mmitioih6t^  other  mixtures  of  diastereomers,  and  the 
like.  It  is  also  to  he  understood  that  such  mixtures  of  stereoisomers  may  include  a  single 
stereochemical  configuration  at  one  or  more  chiral  centers,  while  including  mixtures  of 
20  stereochemical  configuration  at  one  or  more  other  chiral  centers. 

Similarly,  the  compounds  described  herein  may  include  geometric  centers,  such 
as.  cis,  traits,  E,  and  Z  double  bonds.  It  is  to  be  understood  that  in  another  embodiment,  the 
invention  described  herein  is  not  limited  to  any  particular  geometric  isomer  requirement,  and 
that  the  compounds,  and  compositions,  methods,  uses,  and  medicaments  that  include  them  may 
25  be  pure,  or  may  be  any  of  a  variety  of  geometric  isomer  mixtures.  It  is  also  to  be  understood 
that  such  mixtures  of  geometric  isomers  may  include  a  single  configuration  at  one  or  more 
double  bonds*  while  including  mixtures  of  geometry  at  one  or  more  other  double  bonds. 

As  used  herein,  the  torn  ""alkyl”  includes  a  chain  of  caxbon  atoms,  which  is 
optionally  branched.  As  used,  herein,  'the-  term  .'“alkenyl”'  :ao.d  “alkynyF*  includes  a  chain  of 
30  carbon  atoms,  which  is  optionally  branched,  and  includes  at  least  one  double  bond  or  triple 
bond,  respectively.  Il  ls  to  be  understood  that  alkynyl  may  also  include  one  or  more  double 
bonds.  It  is  to  be  further  understood  that  in  certain  embodiments,  alkyl  is  advantageously  of 
limited  length,  including  GrCn,;  Gi-Cg,  Ci"C^,  and  Ge-C 4.  Illustratively,  such 
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pailiciilarly  limited  length  alfcyl  groups,  including  CrCsvCi~C&  $nd  Cr€4  may  bc:t^ferred:tp' 
as  lower  alkyl,  It  is  to  befiMher  understood  that  in  cerlnM  emboditncntB  alkenyl  and/or  alkynyl 
may  each  be  advantageously  of  limited  length,  including  Di -CW  p2*Ci2*  OrCs,  C2-C&  and  Car 
C*.  Illustratively,  such  particularly  limited  length  alkenyl  and/or  aikytiyl  groups,  including  Cr 
5  Cs,  and  Cs-Ck  may  be  referred  to  as  lower  alkenyl  and/or  alkynyl  It  is  appreciated 
herein  that  shorter  alkyl*  alkenyl,  and/or  all^nyl  groups  may  add  less  lipopMlicity  to  the 
compound  and  accordingly  will  have  different  pharmacokinetic  behavior,  hi  embodiments  of 
the  invention  described  herein,  it  is  to  be  understood,  in  each  case,  that  the  recitation  of  alkyl 
refers  to  alkyl  as  defined  herein,  and  optionally  lower  alkyl  In  embodiments  of  die  mvention 
10  described  herein,  it  is  to  be  understood,  in  each  case,  that  the  recitation  of  alkenyl  refers  to 
alkenyl  as  defined  herein,  and  optionally  lower  alkenyl,  In  embodiments  of  the  invention 
described  herein,  it  is  to  be  understood,  in  each  case,  that  the  recitation  of  alkynyl  refers  to 
alkynyl  as  defined  herein,  and  optionally  lower  alky nyL  Illustrative  alkyl,  alkenyl,  and  alkynyl 
groups  are,  hut  not  limited  to,  methyl,  ethyl,  n-propyl,  isopropyl,  n-butyl,  isobutyl,  see-fcutyh 
15  tert-butyk  pentyl,  2-pentyl,  3 -pentyl  >  neopentyl,  hexyl,  heptyl,  octyl,  and  the  like,  and  the 

corresponding  groups  containing  one  or  more  double  and/or  triple  bonds,  or  a  combination 
thereof 

As  used  herein,  the  term  Adkylcne”  includes  a  divalent  chain  of  carbon  atoms, 
which  is  optionally  branched  As  used  herein,  the  term  “alkcnylene"  and  'felkynyiene”  includes 
20  a  divalent  chain  of  carbon  atoms,  which  is  optionally  branched,  and  includes  at  least  one  double 
bond  or  triple  bond,  respectively.  It  is  to  be  understood  that  alkynylene  may  also  include  one  or 
more  double  bonds.  It  is  to  be  feither  understood  that  m/Certaiii-  embodiments,  alkylene  is 
advantageously  of  limited  length,  including  D5-C24,  Ci-Gn*  CrCg,  and  C1/C4, 
Illustratively,  such  particularly  limited  length  alkylene  groups,  including  CHC&  and  Gj- 

25  G4  may  be  referred  to m  lower  alkylene.  It  is-  to  be  fijirther  understood  that  in  certain 

embodiments  alkenylene  and/or  alkynylene  may  each  be  advantageously  of  limited  length, 
including  C2-C24*  Ci-Cx*,  Gis-Ca,  QrC&  Illustratively^  such  particularly  limited 

length  alkenylenc  and/or  alkynylene  groups,  including  Cb-C*,  GrCs*  and  CVC4  may  he  referred 
to  as  lower  alkenylene  and/or  alkynylene.  Jt  m  appreciated  herein  that shorter  alkylene, 

30  alkenylenc,  and/or  alkynylene  groups  may  add  less  lipophilicity  to  the  compound  and 

accordingly  will  have  different  p.h  arm  acokin.etic  behavior,  hi  embodiments  of  the  mvention 
described  herein,  it  is  lo  be  understood,  in  each  case,  that  the  reci  tation  of  alkylene,  alkenylenc, 
and  alkynylene  refers  to  alkylene,  alkenyiene,  and  alkynylene  as  defined  herein,  and  optionally 
lower  alkylene,  alkenylene,  and  alkynylene.  Ulustrative  alkyl  groups  arc,  but  not  limited  to, 

35  methylene,  etliylens.  n-propyieiie,  isopropyiene,  n -butylene,  isobutylene,  see-butylene, 
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pentyiene,  1  ?2  -pentykne,  1  ,3  -pentylene,  hexylene,  heptylene,  oetyleim  and  the  like, 

A  s  used  herein,  the  term 4 linker y  includes  is  a  chain  of  atoms  that  connects  two 
or  more  functional  parts  of  a  molecule  to  form  a  conjugate.  Illustratively,  the  chain  of  atoms  is 
selected  fromC,  N,  Q,  S,  Si,  and  P,  or  Cs  N,  O,  S,  and  P,  C,  N,Q,  andS;  The  chain  of  atoms 
5  covalently  connects  different  functional  capabilities  of  the  conjugate,  such  as  binding  ligands, 
drugs,  diagnostic  agents,  imaging  agents,  and  the  like;  The  linker  may  have  a  •  wide  variety  of 
lengths,  such  as  in  the  range  from  about  2  to  about  100  atoms  in  the  contiguous  backbone.  The 
atoms  used  in  forming  the  linker  may  be  combined  in  all  chemically  relevan  t  ways,  such  as 
chains  of  carbon  atoms  forming  alkyleue,  aikenylene,  and  alkynylene  groups,  and  the  like; 

10  chains  of  carbon  and  oxygen  atoms  fommg  ethers,  polyoxyalkylen©  groups,  or  when  combined 
with  carbonyl  groups  forming  esters  and  carbonates,  and  the  like;  chains  of  carbon  and  nitrogen 
atoms  forming  amines,  imines,  poly  amines,  hydrazines,  hydrazones,  or  when  combined  with 
carbonyl  groups  forming  amides,  ureas,  sexnicarbazides,  carba^ides.  and  the  like;  chains  of 
carbon,  nitrogen,  and  oxygen  atoms  forcning  alkoxvammes,  alkoxylammes,  or  when  combined 
15  'with  carbonyl  groups  forming  urethanes,  amino  acids,  acyloxyl amines,  hydroxamic ;  acids, .and 
the  like;  and  many  others.  In  addition,  it  is  to  be  understood  that  the  atoms  forming  the  chain  in 
each  of  the  foregoing  illustrative  embodiments  may  be  either  saturated  or  unsaturated,  thus 
fonmng  single,  double,  or  triple  bonds,  such  that  for  example,  alkanes,  atkenes,  alkynes,  imines, 
and  the  like  may  be  radicals  that  are  included  in  the  linker.  In  addition,  it  is  to  be  understood 
20  that  the  atoms  forming  the  linker  may  also  be  cyclized  upon  each  other  or  be  part  of  cyclic 

structure  to  form  divalent  cyclic  structures  that  form  the  linker,  including  cyclo  alkanes,  cyclic 
ethers,  cyclic  amines,  and  other  heterocycles,  aryleiiss, -'heteroarylenes,-  and  the  like  in  the  linker. 
In  this  latter  arrangement,  it  is  to  be  understood  that  the  linker  length  may  he  defined  by  any 
pathway  through  the  one  or  more  cyclic  structures  .  Illustratively,  the  linker  length  is  defined 
25  by  the  shortest  pathway  through  the  each  one  of  the  cyclic  structures.  It  is  to  be  understood  that 
the  l  inkers  may  be  optionally  substituted  at  any  one  or  more  of  foe  open  valences  along  the 
chain  of  atoms,  such  as  optional  substituents  on  any  of  the  carbon,  nitrogen,  silicon,  or 
phosphoms  atoms.  It  is  also  to  be  understood  that  the  linker  may  connect  the  two  or  more 
functional  parts  of  a  molecule  to  form  a  conjugate  at  any  open  valence,  and  it  is  not  necessary 
30  that  any  of  the  two  or  more  functional  parts  of  a  molecule  forming  the  conjugate  axe  attached  at 
any  apparent  end  of  the  linker. 

As  used  herem,  the  term  “eyeioalkyr  Includes  a  chain  of  carbon  atoms,  which  is 
optionally  hranehed,  where  at  least  a  portion  of  the  chain  in  cyclic.  It  is  to  be  understood  that 
cycloaikyMkyl  is  a  subset  of  cydoalkyi  It  is  to  be  imderstood  that  cycloalkyl  may  be 
35  polycyclic,  Blustrati  ve  cycloalkyl  include,  but  are  not  limited  to,  cyclopropyl,  cyelopentyl. 


- 16- 


29920-224628 


cyclohsxyl,  2-metfeyIcycIopropyl,  eyclopentyl eth--2-yb  adamantyl,  and  the  like.  As  used  herein* 
the  term  “cydoalkenyl”  includes  a  chain  of  carbon  atoms,  which  is  optionally  branched*  and 
includes  at  least  one  double  bond,  where  at  least  a  portion  of' the  chain  in  cyclic.  It  is  to  be 
understood  that  the  one  or  more  double  bonds  maybe  in  the  cyclic  portion  of  cycloalkenyi 
5  and/or  the  non-eyclic  portion  of  cycloalkenyl.  It  is  to  be  understood  that  cycioalkenylalkyl  and 
cy eioalky lalken yi  are  each  subsets  of  cycloalkenyi.  It  is  to  be  understood  that  cycloalkyl  may 
be  polycyclic.  Illustrative  cycloalkenyi  include,  but  are  not  limited  to-  eyclopentenyl, 
eyciohexylethen-2-yh  eycloheptenylpropenyh  Md  the  like.  It  is  to  be  further  understood  that 
chain  forming  cycloalkyl  and-  or  cycloalkenyi  is  advantageously  of  limi  ted  length,  including  C3- 
i  0  C.24,  CrCi2,  CrC$*  C3-C6*  and  C5-C5.  It  is  appreciated  herein,  that  shorter  alkyl  and/or  alkenyl 

chains  forming  cycloalkyl  and/or  cycloalkenyi,  respectively,  may  add  less  lipophilicity  to  die 
compound  and  accordingly  will  have  different  pharmacokinetic  behavior. 

As  used  herein,  the  term  “heteroalky Fv  includes  a  chain  of  atoms  that  includes 
both  carbon  and  at  least  one  heteroatom,  and  is  optionally  branched.  Illustrative  heteroatoms 
15  include  nitrogen*  oxygen,  and  sulfur  In  certain  variations,  illustrative  heteroatoms  also  include 
phosphorus,  and  selenium.  As  used  herein,  the  term  feyeloherteroalky]”  including  heteroeyelyl 
and  heterocyde,  includes  a  chain  of  atoms  that  includes  both  carbon  and  at  least  one 
heteroatom,  such  as  heteroalkyl*  and  is  optionally  branched,  where  at  least  a  portion  of  the 
chain  is  cyclic.  Blustetive  heteroatoms  include  nitrogen*  oxygen,  and  sulfur.  In  certain 
20  variations,  illustrative  hsteroatoms  also  include  phosphorus,  and  selenium.  Illustrative 

cycloheteroalkyi  include,  but  are  not  limited  to,  tetrahydio&ryl,  pymlidmyh  tetrahydropyTanyb 
piperidinyl*  morpholinyl,  piperazinyl,  homop ipcrazinyl,  quinuclidinyl,  and  the  like. 

As  used  herein*  the  term  “aryl**  includes  monoeyelicand  polycyclic  aromatic 
carbocydic  groups,  each  of  which  may  be  optionally  substituted.  Illustrative  aromatic 
25  carhocyclic  groups  described  herein  include*  but  are  not  limited  to,  phenyl*  naphthyl*  and  the 
like.  As  used  herein,  the  term  “heteroaryl>5  includes  aromatic  heterocyclic  groups,  each  of 
winch  May  be  optionally  substituted.  Illustrative  aromatic  heterocyclic  groups  include,  but  are 
not  limited  to,  pwidinyl,  ;pyrirm  tetrazinyl,  quinolinyb  qumazolinyl, 

quinoxalmyi,  thienyl,  pyrazolyl,  imidazolyl,  oxazolyl,  thiazoly],  isoxazolyi,  isothiazelyl, 

30  oxadiazolyi  thiadlazolyl*  tria&olyi*  bermimidazolyl,  beiizoxazoly],  benztMazoIyi, 
benzisoxazolyl,  behzisotbiaasdlyl,  and  the  like. 

As  used  herein*  die  term  “amino”'  includes  the  group  NHj,  alkjdamino,  and 
dialkylammo,.  Whsfe  the  two  alkyl  groups  in  dialkylamino  may  be  the  same  or  different,  he'.- 
alkylaikylamino.  Illustratively,  amino  mdudes-  metiiyJamino,: ethykmino;,.  dmiethylamioo* 

35  methylethylammo,  and  the  like,  M  addition,  it  is  to  be  understood  that  when  amino  modifies  or 
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is  modified  by  another  term,  such  as  ami  noalkyl,  or  acylamino,  the  above  variations  of  the  term 
amino  am  included  therein.  Illustratively,  amihoalkyi  includes  HaN-  alfcyi,  ffielhylaminoalkyl, 
etiiylaminoalkyl,  dimethylamiiioaikyl,  methyletbylarraooalkyl,  and  the  like.  Illustratively, 
acylamino  includes  acyimethylamino,  acylcthylamiho,  and  the  like. 

5  As  used  herein,  the  term  “amino  and  derivatives  thereof’  includes  amino  as 

described  herein,  and  alkylanrino,  alkenylaffimo,  alkyuylainiiio,  heteroalkylarmno, 
heteroalkenyl amino,  heieroalkynylamino,  cydoaikyiammo,  cycloalkenylatnino, 
cycloheteroalkylamino,  cycloheteroalkenylamino,  arylamino,  arylalkylanrino, 
arylalkenylamino,  arylalkynylarnirio,  heteroaiylamino,  heteroasydalkylamino, 

10  heteroarylalkenylamino,  heteroarylalkyjrylamino,  acylamino,  and  the  like,  each  of  which  is 

optionally  substituted.  The  term  “amino  derivative”  also  includes  urea,  carbamate,  and  the  like. 

As  used  herein,  the  term  “hydroxy  and  derivatives  thereof’  includes  OH,  and 
alkyloxy,  alkenyloxy,  alkynyioxy,  heteroaikyloxy,  heteroalkenyloxy,  heterouikynyioxy, 
cycloalkyloxy,  cycloalkenyloxy,  cyeloheteroaikyloxy,  cycloheteroalkenyloxv,  aryloxy, 

15  arylaikyloxy,  arylalkenyioxy,  arylalkynyloxy,  heteroaryloxy, hetefoarylalkyloxy, 

heteroarylalkenyloxy.  heteroarylalkynyloxy,  acyloxy,  and  the  like,  each  of  which  is  optionally 
substituted.  The  term  “hydroxy  derivative”  also  includes  carbamate,  arid  the  like. 

As  used  herein,  the  term  'lino  and  derivatives  thereof ’includes  811,  and 
alkylthio,  alkenylthio,  alkynylthio,  heteroalkyltJbio,  heteroaikenylihio,  he  ieroalkynylthio, 

20  cycloalkyllhio,  cyeloalkenylthio,  cycloheteroalkylthio,  cycloheteroalkenylthio,  arylthio, 
arylalkylthio,  arylalkenylthio,  arylalkynylthio,  heteroarydthio,  heteroarylalkyUMo, 
heteroarylalkenylthio,  heteroarylalkynylthio,  aeylthio,  and  the  like,  each  of  which  is  optionally 
substituted.  The  term  “thio  derivative”  also  includes  tluoearbamaie,  and  the  like. 

As  used  herein,  the  term  “acyl”  includes  formyl,  and  alkylearbonyl, 

25  alkenylcarbonyl,  alkynylcarbonyl,  heteroaikylcarbonyl,  heteroaUcehylcarbdnyl, 

heteroalkyny  1  carbonyl,  cycloalkylearbo  nyl ,  cycloaikenylcarbonyl,  cycloheteroalkylcarhonyl, 
cycloheteroalkenylcarbonylj  arykarbonyl,  axyialkylcarbonyl,  arylalkenylcarbonyl . 
aryl  alkynylcarbonyl,  heterbary  leaf b o  ny  1 ,  heteroaiydalkylcarbonyl,  lieteroarylalkenylcatbonyk 
heteroarylalkynylcarbonyl,  acylcarbonyl,  and  the  like,  each  of  which  is  optionally  substituted. 
30  As  used  herein,  the  term  “carbonyl  and  derivatives  thereof’  meludes  the  group 

C(O),  C(S),  G(NH)  and  substituted  amino  derivatives  thereof 

As  used  herein,  the  term  “carboxylic  acid  and  derivatives  thereof’  meludes  the 
group  CO2H  and  salts  thereof,  and  esters  and  amides  thereof,  and  CN, 

As  used  herein,  the  term  “sulfinic  acid  or  a  derivative  thereof’  includes  SOaH 
3  5  and  salts  thereof,  and  esters  and  amides  thereof. 
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As  used  herein,  the  term  “sulfonic  acid  or  a  derivative  thereof”  includes'  SOjTI 
and  salts  thereof,  and  esters  and  amides  thereof. 

As  used  herein,  the  terra  “suifenyi"  includes  aUeylsulfonyl  ,  alkeoylsUlfonyl, 
alkynylsulfonyl,  heteroaikylsulfonyl,  heteroatkenylsul-fonyl,  heteroalkynylsulfonvl, 

5  cycloalkylsulfonyl,  cycloalkenylsulfonyl,  cycloheteroalkylsulfonyl,  cycloheteroaikenylsulfonyl. 
arylsulfonyl,  arylaOeylsulfonyl,  aiylalkenylsulfonyl,  aydalkynylsulfonyl,  heteroarylsulfonyl, 
heteroarylalkyisulfonyl,  heteroarylalkraylsuffanyl,  heteroarylalkynylsulfoayl,  acylsulfony  1,  and 
the  like,  each  of  which  is  optionally  substituted. 

As  used  herein,  the  term  “phosphinie  acid  or  a  derivative  thereof ’includes 
10  PiRfCriH  and  salts  thereof,  and  esters  and  amides  thereof,  where  R.  is  alkyl,  alkenyl,  alkynyl, 
cycloalkyl,  cycloalkenyl,  heteroalkyl,  heteroalkenyl,  cycloheteroalkyl,  cycloheteroalkerr yl ,  aryl, 
heteroaryl,  arylalkvl,  or  heteroarylalkyi,  each  of  which  is  optionally  substituted. 

As  used  herein,  the  term  “phosphonie  acid  or  a  derivative  thereof !  includes 
PO3H2  and  salts  thereof,  and  esters  and  amides  thereof, 

1 5  As  used  herein,  the  term  “hydroxylamijio  and  derivatives  thereof’  includes 

NHOH,  and  alkyloxylNH  alkenyloxylNH  alkynyloxylNH  heteroalkyloxylNH 
heteroalkenyloxvlM  I  heteroalkynyloxylN  H  cyeloalkyloxylNH  cyeloaikenyloxylNH 
cycloheteroalkyloxylNH  cycloheteroalkenyloxylNH  aryloxylNH  arylalkyloxylNH 
arylalkenyloxylNH  arydalkyrsyloxylNH  heteroaryloxylNH  heteroarylalkyloxylHH 
20  heteroarydaikenyloxylNH  heteroarylalkynyloxylNH  aeyloxy,  and  the  like,  each  of  which  is 
optionally  substituted 

As  used  herein,  the  term  “hydrazine  and  derivatives  thereof’  includes 
alkylNHNH,  alkenylMHNH,  alkynyiBHNH,  heteroalkylNITNH,  heteroalkenyiNHHH, 
heteroalkynylNHNH,  eycloalkylNIlNli,  cycloalkenylNHNH,  eycloheteroalkylNHNH, 

25  cycloheteroalkenylNHNH,  ary'lhWNH,  arylalkydNKMl,  arylalkenylNHNH,  aiylalkynylNIrlNH, 
heteroarylNMNH,  heteroarylalkylNFINH,  heteromylalkenylNHNHyheteroaiylalkynylNHNlk 
acylNHNH,  and  the  like,  each  of  which  is  optionally  substituted. 

The  tenn  ’’optionally  substituted''  as  used  herein  includes  the  replacement  of 
hydrogen  atoms  with  other  functional  groups  on  the  radical  that  is  optionally  substituted.  Such 
30  other  functional  groups  illustratively  include,  but  are  not  limited  to.  amino,  hydroxyl,  halo, 
thiol,  alkyl,  haloalkyl,  heteroalkyl,  aryl,  arylalkyl,  arylheteroalkyk  heteroaryl,  heteroarylalkyi, 
heteroaiylheteroalkyl,  nitro,  sulfbnie  acids  and  derivatives  thereof,  carboxylic  acids  and 
derivatives  thereof,  and  the  like.  Illustratively,  any  of  amino,  hydroxyl,  thiol,  alkyl,  haloalkyl, 
heteroalkyl,  aryl,  arylalkyl,  arylheteroalkyl,  heteroaryi,  heteroarylalkyi,  heferoarylheteroalkyl, 
35  and/or  sulfbnie  acid  is  optionally  substituted. 


- 19- 


29920-224628 


As  used  herein,  the  terms  "optionally  substituted  aryl"  and  "optionally 
substituted  hete-roary I"  include  the  replacement  of  hydrogen  atoms  with  other  functional  groups 
on  the  aryl  or  heteroaryl  that  is  optionally  substituted.  Such  other  functional  groups 
illustratively  include,  but  are  not  limited  to,  amino,  hydroxy,  halo,  thin,  alkyl,  haloalkyl, 

5  heteroalkyl,  aryl,  arylalkyl,  arylheteroalkyl,  heteroaiyl,  heteroarylalkvl,  heteroarylheteroalkyl 
nitre,  sulfonic  acids  and  derivatives  thereof,  carboxylic  acids  and  derivatives  thereof,  and  the 
like.  Illustratively,  any  of  amino,  hydroxy,  thio,  alkyl,  haloalkyl,  heteroalkyl,  aryl,  aiy  lalkyl, 
arylheteroalkyl,  heteroaryl,  heteroaryl  alkyl,  heieroarylhetero  alky],  and/or  sulfonic  acid  is 
optionally  subs liluted. 

10  Illustrative  substituents  include,  but  are  not  limited  to,  a  radical  -l€Hj.)xZx, 

where  x  is  an  integer  from  0-6  and  Zx  is  selected  from  halogen,  hydroxy,  alkanoyloxy, 
including  Ct-C?  alkanoyloxy,  optionally  substituted  aroyloxy,  aikyi,  including  Ci-Cg  alkyl, 
alkoxy,  including  Cj-C*  alkoxy,  cycloalkyl,  including  Cj-Cg  cyeloalkyl,  cycloalkoxy,  including 
Gj-Gg  cycloalkoxy,  alkenyl,  ineluding  C2-Cf,  alkenyl,  alkynyl,  including  Cj-Cg alkynyl, 

I  S  haloalkyl,  including  Cj  -C«  haloalkyl,  haloalkoxy,  including  Cj  -Cg  haloalkoxy,  halocyeloalkyl, 
including  Cj-Cg  haloeycloalkyl,  halocyeioalkoxy.  including  G?? •  C. ' h  ha locyci e-aikox y,  amino,  C?  - 
Gg  alkyiammo,  (Ci-Cg  alkyl)(C'j.-G6  alkyl)atnmo,  alkylcarbonylamino,  M-{Ci-C§ 
alkyl)alkylcarbonyiamino,  aminoalkyl,  Ci-Cs  alkylaminoalkyi,  (Cj-Ga  alkyl  >((4  -Gg 

aIkyl)aminoalkyI,  alkyicarbonylaminoalkyl,  M-lCj-Cg  alkyi)alkylcarboriylammoalk5d,  eyano, 

20  and  nitro;  or  Zx  is  selected  from  -CO;? IG  and  -C'ONR'lG,  where  lG,  R'3,  and  R‘  are  each 

independently  selected  in  each  occurrence  from  hydrogen.  CrCg  alkyl,  aryl-Ci-Cg  alkyl,  and 
heteroaryl-Cj-Cfi  alkyl. 

The  term  “prodrug”  as  used  herein  generally  refers  to  any  compound  that  when 
administered  to  a  biological  system  generates  a  biologically  active  compound  as  a  result  of  one 
25  or  more  spontaneous  chemical  reaetioh(s),  enzyme-catalyzed  chemical  reacti.on(s},,  and/or 

metahollc  ehemieal  reaetion(s),  or  a  eotubination  thereof  In  vivo,  the  prodrug  is  typically  acted 
upon  by  an  enzyme  (such  as  esterases,  amidases,  phosphatases,  and  the  like),  simple  biological 
chemistry,  of  other  process  in  vivo  to  liberate  or  regenerate  the  more  pharmacologically  active 
drug.  This  activation  may  occur  through  the  action  of  an  endogenous  host  enzyme  or  a  non- 
30  endogenous  enzyme  that  is  administered  to  the  host  preceding,  following,  or  during 

administration  of  the  prodrug.  Additional  details  of  prodrug  use  are  described  in  US.  Pat.  No. 
5,627,165  ;  and  Pathalk  et  al.  Enzymic  protecting 

Stereosel.  Bioeatal.  775-797  (2000).  It  is  appreciated  that  the  prodrug  is  advantageously 
converted  to  the  original  drug  as  soon  as  the  goal.  Such  as  targeted  delivery,  safety,  stability, 

35  and  the  like  is  achieved,  followed  by  the  subsequent  rapid  elimination  of  tbs  released  remains 
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of  the  group  -forming  the:  prodrug. 

Prodrugs  may  be  prepared  from  the  compounds  described  herein  by  attaching 
groups  that  ultimately  cleave  in  vivo  to  one  or  more  functional  groups  present  dii  the 
compound,  such  as  -GH-,  -SH,  -COaH,  hNE.?,  Illustrative prodrugs  include  but  are  not  limited  to 
5  carboxylate  est.es  where  the  group  is  alkyl*  aryl,  arylalkyl,  heteroajyl,  heteroarylaikyl, 

acyloxyalkyl,  alkoxycarbonyloxyalkyi  as  well  as  esters  of  hydroxyl,  thiol  and  amines  where  the 
group  attached  i  s  an  acyl  group,  an  alkoxyearbonyl,  aminocarbonyl  ,  phosphate  or  sulfate. 
Illustrati  ve  esters,  also  referred  to  as  active  esters,  include  but  are  not  limited  to  1-indanyl,  N- 
oxysuccittiroide;  acyloxyalkyl  groups  such  as  acetoxymethyl,  pivaloyloxymethyl, 

1 0  p-acetoxyethyl,  p-pivaloyloxyelhyl,  1  -(cyciohexylcarbonyloxylprop- 1  -yl,  ( 1 

-ammoethyl)carbonyloxyniethy  l,  and  the  like;  alkoxycarbonyloxyalkyi  groups,  such  as 
ethoxycarbonyloxymethyl,  a^elhoxycarbonyloxyethyl,  p-ethoxycarbonyloxyethyl ,  and  the  like; 
dialkylaminoalkyl  groups,  including  di-lower  alkylamino  alkyl  groups,  such  as 
dimethylaminomethyl,  dimethyl  aminoethyl,  diethylaminomethyl,  diethylaminoethyl,  and  the 
15  like:  2-(aikoxyearhonyl)-2-alkenyl  groups  such  as  2-(Isobutoxycarbonyl)  pent-2-eayl, 
2-(ethoxycarbonyl;)but-2-enyl,  and  the  like;  and  lactone  groups  such  as  phthalidyl, 
dimethoxyphthalidyl,  and  the  like. 

Further  illustrative  prodrugs  contain  a  chemical  moiety,  such  as  an  amide  or 
phosphorus  group  functioning  to  increase  solubility  and/or  stability  of  the  compounds  described 
20  herein.  Further  illustrative  prodrugs  lor  amino  groups  include,  but  are  not  limited  to,  (Gy- 
Choiaikanoyl;  halo-(C3-C2o)alkanoyl;  (Cg-CjoJalkenoyl;  (C4-C?)cycioaIkanoyi;  (Cj-Cs)- 
eycloalkyl(G2-C!6)aikarioyi;  optionally  substituted  aroyl,  such  as  unsubstituted  aroyl  or  aroyl 
substituted  by  1  to  3  substituen  ts  selected  from  the  group  consisting  of  halogen,  cyano, 
trifluorometMnesulphonyloxy,  (Ci-Cglalkyl  and  (CrCjjalkoxy,  each  of  which  is  optionally 
25  further  substituted  with  one  or  more  of  S  to  3  halogen  atoms;  optionally  substituted  ary  It  IN- 
Cjf,)alkanoyl  and  optionally  substituted  heteroafyl(C2-Cj6)slkanoyl,  such  as  the  aryl  or 
heteroaiyd  radical  being  unsuhstituted  or  substituted  by  1  to  3  substituents  selected  from  the 
group  consisting  of  halogen, .(Ci-Cgjalkyl  and  (CyCjJaikoxy,  each  of  which  is  optionally 
farther  substituted  with  1  to  3  halogen  atoms  ;  and  optionally  substituted  heteroarylalkanoyl 
30  having  one  to  three  beteroatoms  selected  from  0,  S  and  N  in  the  heieroaryl  moiety'  and  2  to  10 
carbon  atoms  in  the  aikanoy!  moiety,  such  as  the  heteroaryl  radical  being  onsuhstituted  or 
substituted  by  1  to  3  substituents  selected  fr  om  fee  group  consisting  of  halogen,  cyano, 
trifluoromethanesulphonyloxy,  (GrC3)a1kyl,  and  <GI:-^)a3koxy»  each  of  which  is  optionally 
further  substituted  with  1  to  3  halogen  atoms.  The  groups  illustrated  are  exemplary,  not 
35  exhaustive,  and  may  be  prepared  by  conventional  processes. 
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It  is  understood  that  the  prodmgs  themselves  may  not  possess  significant 
MoibgiM.-sactivity,. but-iMtead  undergo  one  or  more  spontaneous  chemical  reactions),  mzpm- 
catalyzed chemical  reactionfs),  and/or  metabolic  chemical  reaction(s),  or  a  comhination  thereof 
after  adinimstraiion  in  vivo  to  produce  the  compound  described  herein  that is  biologically  active 
5  or  is  a  precursor  of  the  biologically  active  compound.  However,  it  ss  appreciated  that  in  some 
cases,  the  prodrug  is  biologically  active.  It  is  also  appreciated  that  prodrugs  may  often  serves  to 
improve  drug  efficacy  or  safety  through  improved  oral  hioavaiiability,  pharmacodynamic  half- 
life,  and  the  like,  Prodrugs  also  refer  to  derivatives  of  the  compounds  described  herein  feat 
include  groups  feat  simply  mask  undesirable  drug  properties  or  improve  drug  delivery^  For 
10  example,  one  or  more  compounds  described  herein  may  exhibit  an  undesirable  property  that  is 
advantageously  blocked  or  minimized  may  become  phannacological,  pharmaceutical  or 
pliarmacokmetie  barriers  in  clinical  drug  application,  such  as  low  oral  drug  absorption,  lack  of 
site  specificity,  chemical  instability,  toxicity,  asid  poor  patient  acceptance  (bad  taste,  odor,  pain 
at  injection  site,  and  the  like),  and  others.  It  is  appreciated  herein  that  a  prodrug,  or  other 
15  strategy  using  reversible  derivatives,  can  be  useful  in  the  optimization  of  the  clinical  application 
of  a  drug. 

As  used  herein,  the  term  "composition^  generally  refers  to  any  product 
comprising  the  specified  ingredients  in  the  specified  amounts,  as  well  as  any  product  which 
results,  directly  or  indirectly,  from  combinations  of  the  specified  ingredients  in  the  specified 
20  amounts.  It  is  to  be  understood  that  the  compositions  described  heroin  may  be  prepared  from 
isolated  compounds  described  herein  or  from  salts,  solutions,  hydrates,  solvates,  and  other 
forms  of  fee  compounds  described  herein.  It  is  also  to  be  understood  that  the  compositions  may 
be  prepared  from  various  amorphous,  non-amorphous*  partially  crystalline,  crystalline,  and/or 
other  morphological  forms  of  the  compounds  described  herein .  It  is  also  to  be  imdef stood  that 
2.5  the  compositions  may  be  prep  ared  from  various  hydrates  and/or  solvates  of  the  compounds 

described  herein.  Accordingly,  such  pharmaceutical  compositions  Chat  recite  compounds 
described  hereio  arc  to  he  iinderstood  to  include  each  of,  or  any  combination  of,  the  various 
morphological  forms  and/or  solvate  dr  hydrate  forms  of  the  compounds  described  herein. 
Illustratively,  compositions  may  include  one  or  more  carriers,  diluents,  and/or  excipients.  The 
30  compounds  described  herein*  or  compositions  containing  them,  may  be  formul  ated  in  a 

therapeutically  effective  amount  in  any  conventional  dosage  forms  appropriate  for  the  methods 
described  herein,-  Tire  compounds  described  herein,  or  compositions  containing  them,  including 
such  fooniilatioiis,  may  be  administered  by  a  wide  variety  of  conventional  routes  for  the 
methods  described  herein,  and  in  a  wide  variety  of  dosage  formats,  utilizing  known  procedures 
35  (see  generally,  Remington:  ’fixe  Science  and  Practice  of  Pharmacy ?  (21$t  edL,  2005)). 
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The  term  “therapeutically  effective  amount”  as  used  herein,  refers  to  that  amount 
of  active  compound  or  pharmaceutical  agent  that  elicits  the  biological  or  medicinal  response  in 
a  tissue  system,  animal  or  human  that  is  being  sought  by  a  researcher,  veterinarian,  medical 
doctor  or  other  clinician,  which  includes  alleviation  of  the  symptoms  of  the  disease  or  disorder 
5  being  treated.  In  one  aspect,  the  therapeutically  effecti  ve  amount  is  that  which  may  treat  or 
alleviate  the  disease  or  symptoms  of  the  disease  at  a  reasonable  benefit'risk  ratio  applicable  to 
any  medical  treatment.  However,  it  is  to  be  understood  that  the  total  daily  usage  of  the 
compounds  and  compositions  described  herein  maybe  decided  by  the  attending  physician 
within  the  scope  of  sound  medical  j  udgment.  The  specific  therapeuticall  y-effective  dose  level 
10  tor  any  particular  patient  will  depend  upon  a  variety  of  factors,  including  the  disorder  being 
treated  and  the  severity'-  of  the  disorder;  activity  of  the  specific  compound  employed'  the 
specific  composition  employed;  the  age,  body  w  eight,  general  health,  gender  and  di  et  of  the 
patient:  the  time  of  administration,  route  of  administration,  and  rate  of  excretion  of  the  specific 
compound  employed;  t  he  duration  of  the  treatment:  drugs  used  in  combination  or  coincidentally 
15  with  the  specific  compound  employed;  end  like  factors  well  known  to  the  researcher, 
veterinarian,  medical  doctor  or  other  clinician  of  ordinary  skill. 

It  is  also  appreciated  that  the  therapeutically  effective  amount,  whether  referring 
to  monotherapy  or  combination  therapy,  is  advantageously  selected  with  reference  to  any 
toxicity,  or  other  undesirable  side  effect,  that  might  occur  during  administration  of  one  or  more 
20  of  the  compounds  described  herein.  Further,  it  is  appreciated  that  the  co-therapies  described 

herein  may  allow  for  the  administration  of  lower  doses  of  compounds  that  show'  such  toxicity, 
or  other  undesirable  side  e  ffect,  where  those  lower  doses  are  below  threshol  ds  of  toxicity  or 
lower  in  the  therapeutic  Window  than  would  otherwise  be  administered  in  the  absence  of  a 
cothefapy, 

25  In  addition  to  the  illustrative  dosages  and  dosing  protocols  described  herein,  it  is 

to  he  understood  that  an  effective  amount  of  any  one  or  a  mixture  of  the  compounds  described 
herein  can  be  readily  determined  by  tire  attending  diagnostician  or  physician  by  the  use  of 
known  techniques  and/or  by  observing  results  obtained  under  analogous  circumstances.  In 
determining  the  effective  amount  or  dose,  a  number  of  factors  are  considered  by  the  attending 
30  diagnostician  or  physician,  including,  but  pot  limited  to  the  species  of  mammal  ,  including 

human,  its  size,  age,  and  general  health,  the  specific  disease  or  di  sorder  involved,  the  degree  of 
or  involvement  or  the  severity  of  the  disease  or  disorder,  the  response  of  the  individual  patient, 
the  particular  compound  administered,  the  mode  of  administration,  the  bioavailability 
characteristics  of  the  preparati on  admin istered,  the  dose  regimen  selected,  the  use  of 
35  concomitant  medication,  and  other  relevant  circumstances. 
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The  dosage  of  each  compound  of  ihc  claimed  combinations  depends  on  several 
factors,  including:  the  administration  method,  the  Condi  tion  to  be  treated,  the  severity  of  the 
condition,  whether  the  condition  is  to  be  treated  or  prevented,  and  the  age,  weight,  and  health  of 
the  person  to  be  treated.  Additionally,  pharmaeogenomic  (the  effect  of  genotype  on  the 
5  phaimaepkinetic,  pharmacodynamic  or  efficacy  profile  of  a  therapeutic)  information  about  a 
particular  patient  may  affect  the  dosage  used. 

It  is  to  he  understood  that  in  the  methods  described  herein,  the  individual 
components  of  a  co-administration,  or  combination  can  be  administered  by  any  suitable  means, 
contemporaneously,  simultaneously,  sequentially,  separately  or  in  a  single  pharmaceutical 
10  formulation.  Where  the  co-administered  compounds  or  compositions  are  administered  in 

separate  dosage  forms,  the  number  of  dosages  administered  per  day  for  each  compound  may  be 
the  same  or  different.  The  compounds  or  compositions  may  be  administered  via  the  same  or 
different  routes  of  administration.  The  compounds  or  compositions  may  be  administered 
according  to  simultaneous  or  alternating  regimens,  at  the  same  or  different  times  during  the 
IS  course  of  the  therapy,  concurrently  in  divided  or  single  forms.: 

The  term  “administering”  as  used  herein  includes  all  means  of  introducing  the 
compounds  and  eotnpositions  described  herein  to  the  patient,  including,  but  are  not  limited  to, 
oral  (po),  intravenous fiv),  intramuseulm  (im),  subcutaneous  (sc),  transdermal,  inhalation, 
buccal,  ocular,  sublingual,  vaginal,  rectal,  and  the  like.  The  compounds  and  compositions 
20  described  herein  may  be  administered  in  unit  dosage  forms  and/or  formulations  containing 
conventional  nontoxic  phamaeeutically-acceptable  carriers,  adjuvants,  and/or  vehicles. 

illustrative  Formats  for  oral  administration  include  tablets,  capsules,  elixirs, 
syrups,  and  the  like. 

Illustrative  routes  for  parenteral  administration  include  intravenous,  intraarterial, 
25  intraperitoneal,  epidurial ,  iatrauretliral ,  intras terual ,  intramuscular  and  subcutaneous,  as  well  as 
any  other  art  recognized  route  of  parenteral  administration. 

Illustratively,  administering;  includes  local  use,  such  as  when  administered 
locally  to  the  site  of  disease,  injury,  or  defect,  or  to  a  particular  organ  or  tissue  system. 
Illustrative  local  administration  may  be  performed  during  open  surgery,  or  other  procedures 
30  when  the  site  of  disease,  injury,  or  defect  is  accessible.  Alternatively,  local  administration  may 
be  performed  using  parenteral  delivery  where  the  compound  or  compositions  described  herein 
are  deposited  locally  to  the  site  without  general  distribution  to  multiple  other  non-target  sites  in 
the  patient  being  treated.  It  is  further  appreciated  that  local  administration  may  be  directly  in 
the  injury  site,  or  locally  in  the  surrounding  tissue.  Similar  variations  regarding  local  delivery 
35  to  particular  tissue  types,  such  as  organs,  and  the  like,  are  also  described  herein.  Illustratively, 
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compounds  may  be  administered  directly  to  the  nervous  but  not  limited  to, 

mhacerebral,  intraventricular,  mfracerebroventricular,  intrathecal,  mtacisternal,  mtraspinal 
and/or  peri-spinal  routes  of  administration  by  delivery  via  Intracranial  or  isitfaveribbrd  needles 
and/or  catheters  with  of  without  pump  devices. 

5  Depending  upon  the  disease  as  described  herein,  the  route  of  admini  stration 

and/pr  whether  the  compounds  and/or  compositions  are  administered  locally  or  systemieally,  a 
wide  range  of  permissible  dosages  are  contemplated  herein,  including  doses  falling  in  the  range 
from  about  1  fig/kg  to  about  1  g/kg,  The  dosages  may  be  single  or  divided,  and  may 
admmistered  according  to  a  wide  variety  of  protocols,  including  q.d,  bid.,  fid,,  or  even,  every 
10  other  day,  once  a  week,  once  a  month,  once  a  quarter,  and  the  like.  In  each  of  these  cases  it  is 
understood  that  the  therapeutically  effective  amounts  described  herein  correspond  to  the 
instance  of  administration,  or  alternatively  to  die  total  daily,  weekly,  month,  or  quarterly  dose, 
as  determined  by  the  dosing  protocol 

In  making  the  pharmaceutical  compositions  of  the  compounds  described  herein, 

1 5  a  therapeutically  effective  amount  of  one  or  more  compounds  in  any  of  the  various  forms 

described  herein  may  be  mixed  with,  one  or  more  excipients,  diluted  by  one  or  more  excipients, 
or  enclosed  within  such  a  carrier  which  can  be  in  the  form  of  a  capsule,  sachet,  paper,  Of  other 
container.  Excipients  may  serve  m  a  diluent,  and  can  he  solid,  semi-solid  v  or  liquid  .materials,, 
which  act  as  a  vehicle,  carrier  or  medium  for  the  active  ingredient.  Thus,  the  formulation 
20  compositions  can  be  in  the  form  of  tablets,  pills,  powders,  lozenges,  sachets,  cachets,  elixirs, 
suspensions,  emulsions,  solutions,  syrups,  aerosols  (as  a  solid  or  in  a  liquid  medium), 
ointments,  soft  and  hard  gelatin  capsules,  suppositories.,  sterile  injectable  solutions,  and  sterile 
packaged  powders.  The  compositions  may  contain  anywhere  from  about  0<  1%  to  about  99,9% 
acti  ve  ingredients,  depending  upon  the  selected  dose  and  dosage  form, 

25  The  following  examples  further  illustrate  specific  embodiments  of  the  invention; 

however,  the  following  illustrative  examples  should  not  be  interpreted  in  anyway  to  limit  the 
invention. 

EXAMPLES 

METHOD  EXAMPLE,  Cell  culture.  MG3T3  El  mouse  osteoblast-like  cells 
30  (clone  14  -MG3T3E1T4;  and  no  clonal  cells  in  supplementary  figures),  and  RAW264.7 
mouse  pre  osteoclast  (monocyte/rnacrophage)  cells  were  cultured  in  oMEM  containing  1 0% 
:fetal bovine scram  and  antibiotics  (50  units/ml  penicillin,  and  50  pg/mi  streptomycin;  Life 
Technologies,  Grand  Island,  NY,  IJS  A).  Cells  were  maintained  at  37°C  and  5%  CO?,  .in -a 
humidified  incubator.  Cell  mortality  and  live  cell  numbers  were  determined  24  h  after  the 
33  treatment  with  20  ng/ml  RANKL  (PeproTech,  Rocky  Hills,  NCS  USA)  in  response  to  0. 1  —  20 
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\xM  salubrinal  or  1  -  20  uM  giianabenz  acetate  (Toons  Bidscience.  Ellisvilte,  MO?  USA)..  Cells 
were  stained  with  trypan  blue  and  die  numbers  of  live  and  dead  cells  were  counted  n sing  a 
hemacytometer. 

METHOD  EXAMP LE,  Inhibition  of  osteoclastogeaesis  of  RAW264 .7  cells  by 
5  salubrinal.  The  primary"  aim  of  this  study  is  to  evaluate  the  effects  of  salubrinal  on 

osteoclastogeriesisv  In  response  to  0. 1  -  20  pM  salubrinal  for  24  1%  cell  mortality-  and  live  cell 
numbers  of  RA  W264.7  pre-osteoclasts  was  examined.  Cell  mortality  ratio  did  not  present 
statistically  significant  differences  in  the  presence  and  absence  of  RANKL  (Fig,  3.4).  The 
number  of  live  cells  was  increased  by  ~50%  by  incubation  with  RANKL,  and  administration  of 
10  10  -  20  uM  salubrinal  reduced  the  numbers  approximately  by  10%  (Fig.  3B),  Consistent  with 

the  stimulatory  rote  of  RANKL,  the  number  of  TRAP-positive  multi-nucleated  cells  was 
substmtially  mofoased-  by. .addition  .of  RANKJL.  However,  administration  of  0.5  jiM  to  20  pM 
salubrinal  reduced  the  number  of  TRAP-  positive  cells  in  a  dose  dependent  manner  (Pig,  3C  & 
3D), 

1 5  METHOD  EXAMPLE.  Inhibitory-  effects  of  guanabenz  on  osteoclastogenesis  of 

RAW264.7  cells.  To  further  examine  a  potential  involvement  of  p-eIF2a  in  regulation  of 
.osteodastogenesisy  we  employed  guartabenz  that  also  acts  as  an  inhibitor  of  de-phosphorylation 
o£eIF2a  was  evaluated.  A.dmimslration  of  1  and  S  pM  guanabenz  did  not  alter  cell  mortality 
and  the  number  of  live  cells,  although  its  administration  at  10  and  20  pM  reduced  the  number  of 
20  live  cells  in  24  h  (Fig.  7A  &  7B),  Consistent  with  salubrinaPs  inhibitory  action,  guanabenz  also 
attenuated  osteoclastogenesis  of  RAW264.7  cells  in  a  dose  dependent  manner  (Fig.  7C  &  7D), 
Compared  to  the  mimbet of  TRAP-positive  multi-nucleated  cells  of  377  T  39  (RANKL  only), 
guanabenz  reduced  the  number  of  differentiated  osteoclasts  to  364  ±  38  (1  JiM),  288  &  51  (5 
\iM%  189  i-2S:  (10  uM),  and  73:  ±  16  (20  jiM). 

25  METHOD  EXAMPLE.  Quantitative  real-time  PCR.  Total  RN  A  was  extracted 

using  an  RNeasy  Plus  mini  Ext  (Qiagen,  Germantown,  MD;  USA).  Reverse  toanseription  was 
conducted  with  high  capacity  eDNA  reverse  transcription  kits  (Applied  Biosystems,  Carlsbad. 
GA,  USA),  and  quantitative  real-time  PCR  was  performed  using  ABI 7500  with  Power  SYBR 
green  PCR  master  mix  kits  (Applied  Biosystems).  We  evaluated  mRNA  levels  of  ATF4, 

30  Osteocalcin  (QCN),  NFATel  ,  c-Fps,  tartratenresistant  acid  phosphatase  (TRAP),  and  osteoclast” 

associated  receptor  (OSCAR)  with  the  PCR  primers  listed  in  Table  L  GAPDH  was  used  for 
internal  control.  The  relative  mRNA  abundance  for  the  selected  genes  .with,  respect  to  the  level 
of  G  APDH  mRNA  was  expressed  as  a  ratio  of  S^sted^^ou  where  Seated  -  mRN  A  level  for 
die  cells  treated  with  chemical  agents,  and  Sco^i  -  xnRNA  level  for  control  cells  1(23]. 
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Table  3 ,  Real-time  PCR  primers  used  in  this  study. 


target 

forward  primer 

backward  primer 

ATF4 

5’-  TGGCGAGTGTAAGGAGCTAGAAA  -3’ 

5’-  TCTTCCCCCTTGCCTTACG  - 3 ’ 

OCN 

5’-  CCGGG AGC AGTGTG AGCTT A 

5’-  AGGCGG'rCnCAAGCCATACT  -3' 

NFATcl 

5^  GGTGCrGTCTGGCCATAACT  -3’ 

5’-  GCGGAAAGGTGGTATCTCAA  -3’ 

c-Fos 

5^  AGGCCCAGTGGCTCAGAGA  -3t 

5’-  CCAGTCTGCTGCATAGAAGGAA  -3’ 

TRAP 

5’-  T CCT GGCT C AAAA AGCAGTT  -3’ 

59-  ACATAGCCCACACCGTTCTC  -3* 

OSCAR 

5’-  ACACAGACACCTGGCACCTA  ™3? 

"^^GAGACCATC^AGGCAGAG^^ 

GAPDH 

WTg£ ACC ACCAACTGCTT AG  -3  ’ 

5’-  GGATGCAG  GOAT  G  ATGTTC  -31 

METHOD  EXAMPLE.  Downregulation  of  NFATcl  in  RAW264.7  cells  by 
salubrinal.  NFATcl  is  a  transcription  factor  critical  for  activating  osteoeiastogenesis.  Addition 
5  of  RANKL  to  the  culture  medium  significantly  induced  NFATcl  expression  day  2  and 

maintained  its  elevated  level  on  day  4  (Fig.  4).  The  RANKL-indueed  expression  of  NFATcl 
was  reduced  by  administration  of  5  -  20  (jM  salubrinal  on  both  days,  and  the  effect  of 
salubrinal  was  dose  dependent  (Fig.  4). 

METHOD  EXAMPLE.  Partial  suppression  ofmRNA  levels  of  NFATcl,  c-Fos, 
10  TRAP,  and  OSCAR  by  salubrinal.  Addition  of  RANKL  increased  the  mRNA  levels  of 
NFATcl,  c-Fos,  TRAP,  and  OSCAR,  and  administration  of  20  jxM  salubrinal  significantly 
reduced  their  mRNA  levels.  On  day  2,  for  instance,  the  RANKL -driven  increase  was  9.4  ±  0.5 
ibid  (NFATcl),  1.9  ±  0.1  fold  (c-fos),  165  ±  4.2  fold  (TRAP),  and  467  ±  22  fold  (OSCAR). 

The  reduction  by  20  pM  salubrinal  was  46%  (NFATcl),  32%  (c-fos),  35%  (TRAP),  and  21% 

15  (OSCAR)  (Fig.  5A).  Consistent  with  the  observed  dose  response,  administration  of  salubrinal 
at  0.1-1  |J.M  did  not  contribute  to  significant  reduction  in  these  mRNA  levels  except  for 
NFATcl  and  e-fos  on  day  4  (Fig.  5B), 

METHOD  EXAMPLE.  Reduction  of  RANKL-indueed  NFATcl,  c-Fos,  TRAP, 
and  OSCAR  by  guanabenz.  The  induction  of  NFATcl  by  RANK!.,  was  suppressed  by 
20  guanabenz  in  a  dose  dependent  maimer  (Fig.  BA).  The  mRNA  levels  of  NFATcl,  e-Fos, 

TRAP,  and  OSCAR  were  also  reduced  by  administration  of  20  ftM  guanabenz.  Lower 
concentrations  of  guanabenz,  5  and  10  pM,  were  effective  in  reducing  the  levels  of  TRAP  and 
OSCAR  mRNA  (Fig.  8B),  The  temporal  expression  profile  of  p-eIF2a  and  NFATcl  in 
response  to  20  pM  guanabenz  revealed  that  p-elF2<x  was  upregulated  in  2  h  and  NFATcl  was 
25  partially  suppressed  in  8  h  (Fig.  9).  The  normalized  level  of  “1”  was  defined  as  the  level  tor  the 
cells  that,  were  not  treated  with  RANKL  without  administration  of  guanabenz.  In  the  absence  of 
RANKL  administration,  however,  either  salubrinal  or  guanabenz  did  not  significantly  alter  cell 
mortality  and  expression  of  NFATcl  and  TRAP  (Supplementary  Fig.  S4). 

METHOD  EXAMPLE.  Western  Irrmnmoblotting.  Cells  were  lysed  in  a 
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radioimmunoprecipitation  assay  (RIP A)  buffer  containing  protease  inhibitors  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA,  USA)  and  phosphatase  inhibitors  (Caibiochem,  Billerica,  MA, 
USA).  Isolated  proteins  were  fractionated  using  10-15%  SDS  gels  and  electro-transferred  to 
Immobilon-P  membranes  (Millipore,  Billerica,  MA,  USA).  The  membrane  was  incubated  for  1 
5  h  with  primary  antibodies  followed  by  45  min  incubation  with  goat  anti-  rabbit  or  anti-mouse 

IgG  conjugated  with  horseradish  peroxidase  (Cell  Signaling,  Danvers,  MA,  USA).  We  used 
antibodies  against  ATF4,  NFATcl  (Santa  Cmz),  p-eIF2a  (Thermo  Scientific,  Waltham,  MA, 
USA),  eIF2a,  caspase  3,  cleaved  caspase  3,  p38  and  p-p38  mitogen  activated  protein  kinase 
(MAPK),  extracellular  signal-regulated  kinase  (ERK)  and  p-ERK,  nuclear  factor  kappa  B 
10  (NFkB)  p65  and  p-NJxB  p65  (Cell  Signaling),  and  p-actin  (Sigma).  Protein  levels  were 

assayed  using  a  SuperSignal  west  femto  maximum  sensitivity  substrate  (Thermo  Scientific), 
and  signal  intensities  were  quantified  with  a  luminescent  image  analyzer  (LAS-3000,  Fuji  Film, 
Tokyo,  Japan). 

METHOD  EXAMPLE.  Temporal  profile  ofp-eIF2a  and  NFATcl.  The 
15  temporal  expression  profile  revealed  that  addition  oi  RANK.! .  transiently  reduced  the 

phosphorylation  level  of  eIF2oc  (2  -  8  h)  and  elevated  NFATcl  by  13.4  F.  3.2  fold  (24  h)  (Fig. 

6).  This  induction  of  NFATcl  was  partially  suppressed  by  salubrinal  with  an  increase  in  the 
level  of  p-eIF2cc.  In  the  early  period  (2  -  4  h),  administration  of  20  jiM  salubrinal  increased  the 
level  of  p-eIF2a  but  did  not  alter  the  level  of  NFATc  1 .  In  the  later  period  (8  —  24  h),  however, 
20  the  level  of  NFATcl  was  significantly  reduced  by  48%  (8  h)  and  44%  (24  h).  Administration 
of  20  fiM  salubrinal  did  not  significantly  alter  the  phosphorylation  level  of  ERK,  p38  MAPK, 
and  NFkB  (Fig.  6).  Note  that  the  normalized  level  of  “1”  in  Fig.  6C  was  defined  as  the  level  for 
the  cells  that  were  not  treated  with  RANKL  without  administration  of  guanabenz. 

METHOD  EXAMPLE.  Knockdown  of  ATF4  and  elF2cc  by  siRMA.  Cells  were 
25  treated  with  siRNA  specific  to  ATF4  and  eIF2a  (Life  Technologies).  Selected  target  sequences 
for  knockdown  of  ATF4  and  eIF2«  were:  ATF4,  5’-  GCU  GCU  UAC  AUU  ACU  CUA  A -3  ; 
and  eIF.2a,  5’-CGG  UCA  AAA  UUC  GAG  CAG  A-3*.  As  a  nonspecific  control,  a  negative 
siRNA  (Silencer  Select  #1,  Life  Technologies)  was  used.  Cells  were  transiently  transfected 
with  siRNA  for  ATF4,  eIF2oc  or  control  in  Opti-MEM  I  medium  with  Lipofectamine 
30  RNAiMAX  (Life  Technologies).  Six  hours  later,  the  medium  was  replaced  by  regular  culture 
medium.  The  efficiency  of  silencing  was  assessed  with  immunoblotting  or  quantitative  PCR  48 
h  after  transfection. 

METHOD  EXAMPLE.  ATF4-mediated  elevation  of  osteocalcin  mRNA  in 
MC3T3  El -14  cells.  Salubrinal  is  an  inhibitor  of  de-phosphorylation  of  eIF2cx.  Administration 
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of  5  jiM  saiubrinal  to  MC3T3  E  l  - 14  cell  s  elevated  phosphorylation  of  eIF2ce,  followed  by  an 
increase  in  ATF4  expression  (Fig.  2 A).  Furthermore,  the  level  of  osteocalcin  mRNA  was 
increased  3.3  ±  0.5  fold  (24  h)  and  3.3  is  0.3  fold  (32  h)  (Fig.  2B).  When  expression  of  ATF4 
was  significantly  reduced  by  RNA  interference  (Fig.  2C  &  2D),  however,  saiubrinal-drtven 
5  elevation  of  the  osteocalcin  mRNA  level  was  suppressed  (Fig.  2B).  Non-clonal  MC3T3  El 
cells  also  presented  elevation  of  p-e!F2a  and  ATF4,  together  with  an  increase  in  the  mRNA 
levels  Of  ATM  and  osteocalcin  (Supplementary  Fig.  S3),  In  addition,  administration  of 
guanabenz  to  MC3T3  El- 14  elevated  the  mRNA  level  of  osteocalein  in  a  dose  dependent 
manner,  consistent  with,  an  increase  in  p-eIF2ffi  and  ATF4  (Supplementary  Fig.  S3). 

10  METHOD  EXAMPLE,  Reduction  in  salnhrinal/gnanahenz-driven  suppression 

of  NF  ATcl  expression  by  RNA  interference  for  elF2«.  To  evaluate  the  effects  of  eIF2a  on  the 
expression  level  of  NFATcl,  RNA  interference  specific  for  eIF2a  together  with  a  non-specific 
control  (NC)  was  used  (Fig.  10).  In  response  to  20  pM  saiubrinal,  RAW264.7  cells  transfected 
with  the  control  siRN  A  demonstrated  a  reduction  of  NFATcl  by  56%.  However,  the 
15  expression  of  NFATcl  was  reduced  only  by  20%  in  the  cells  transfected  with  elF2a  si  RNA. 

Furthermore,  20  ji.M  guanabenz  decreased  the  level  of  NFATcl  by  43%  in  the  cells  transiected 
with  the  control  siRNA  but  the  transfection  of  eIF2ot  siRNA  abolished  the  suppressi  ve  effect  of 
guanabenz.  The  phosphorylation  level  of  NFkB  was  not  significantly  altered  by  transfection 
with  eIF2a  siRNA. 

20  METHOD  EXAMPLE.  Mineralization  assay.  Mineralization  of  extracellular 

matrix  was  assayed  by  Alizarin  Red  S  staining.  MC3T3-E I  cells  were  plated  in  6-well  plates. 
When  cells  were  eonflne.nl,  50  {ig/ml  of  ascorbic  acid  (Wako  Chemicals,  Richmond,  V  A,  USA) 
and  5  inM  p -glycerophosphate  (Sigma)  were  added.  The  medium  was  changed  every  other  day, 
and  staining  was  conducted  after  3  week.  Cells  were  washed  with  PBS  twice  and  fixed  with 
25  60%  isopropanol  for  1  min  at  room  temperature,  followed  by  rehydration  with  distilled  water 

for  3  min  at  room  temperature.  They  were  stained  with  I  %  Alizarin  red  S  (Sigma)  for  3  mm  and 
washed  with  distilled  water. 

METHOD  EXAMPLE,  Enhanced  mineralization  of  MG3T3  E  I  44  cells  by 
saluhrinai.  Prior  to  examining  the  effects  of  saiubrinal  on  osteoclastogenesis,  its  effects  on 
30  development  of  osteoblasts  was  tested,  focusing  on  cell  viability,  phosphorylation  ot  e!F2tx  (p- 

eIF2tx)!  expression  of  ATF4  and  osteocalcin,  and  matrix  mineralization.  Admimstrat  ion  of  5  — 
20  pM  salubrma!  to  MC3T3  El  - 14  cells  did  not  increase  cell  mortality  or  inhibit  cell 
proliferation  (Fig.  1A),  Unlike  application  of  ID  nM  thapsigargin,  which  is  a  stress  inducer  to 
the  endoplasmic  reticulum  that  elevates  p-elF2o,  incubation  with  Its  uM  saluhrinai  for  24  h  did 
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not  elevate  the  expression  level  of  cleaved  caspase  3  (Fig.  IB).  After  3-week  incubation  In  an 
osteogenic  medium.  Alizarin  red  S  staining  area  showed  that  saluhrinal  enhanced 
mineralization  of  MC3T3  El-14  cells  in  a  dose  dependent  manner  (Fig.  1C).  The  enhanced 
mineralization  was  also  observed  in  noa-clonal  MC3T3  F.l  cells  (Supplementary  Fig.  SI  ). 

5  METHOD  EXAMPLE.  Osteoclastogenesis  in  vitro  and  TRAP  (Tartrate- 

resistant  acid  phosphatase)  staining.  RAW264.7  cells  were  plated  at.  a  density  of  5  x  lOVctn* 
into  a  1 2-well  or  a  60  mm  dish,  and  cultured  with  20  lig/ml  RANKL  in  the  presence  and 
absence  of  saluhrinal  or  guanabenz,  The  culture  medium  was  replaced  every  2  days.  After  5 
days  of  culture,  the  cells  were  stained  for  TRAP  staining using  an  acid  phosphatase  leukocyte 

10  kit  (Sigma).  The  number  of  TRAP-positive  ceils  containing  three  or  more  nuclei  was 

determined. 

METHOD  EXAMPLE.  Statistical  analysis.  Three  or  four-independent 
experiment  were  conducted  and  data were  expressed  as  mean  ±  S.D.  For  comparison  among 
multiple  samples,  AN  OVA  followed  by  post  hoc  tests  was  conducted.  Statistics!  significance 

15  Was  evaluated  at  p  <  0.05.  The  single  and  double  asterisks  and  daggers  indicate  p  <  0.05  and  p 
<  0.01  To  determine  intensities  in  iimnunpblottmg  and  areas  of  Alizarin  red  S  staining,  images 
were  scanned  with  Adobe  Photoshop  CS2  (Adobe  Systems,  San  Jose,  CA.  USA)  and  quantified 
using  Image  J. 
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WHAT  IS  CLAMED  IS: 

1.  A  method  for  treating  osteoporosis,  .fracture,  or  a  bone  defect  in  a  host 
animal,  the  method  comprising  tire  step  of  administering  to  the  host  animal  a  therapeutioaliy 
effective  amount  of  one  or  more  compounds  capable  of  selecti  vely  inhibiting  de- 
phosphorylation  ofeIF2ot:  where  the  amount  is  capable  of  (a)  stimulating  matrix  deposition  of 
osteoblasts,  (b)  upfeguJatihg  activating  transcription  factor  4  (ATF4),  (c)  reducing  expression  of 
nuclear  factor  of  activated  T  ceils  cl  fbJFATcl),  (d)  inhibiting  differentiation  of  RAW264.7 
ceils  to  multi-nucleated  osteoclasts,  (e)  stimulating  osteobkstogenesis, or  ff)  inhibiting 
osteoclastogenesis,  or  a  combination  ofthe  foregoing,  or  a  pharmaceutically  acceptable 
composition  comprising  the  one  or  more  compounds. 

2.  The  method  claim  1  wherein  at  least  one  compound  is  of  the  formula 

Rc  R*  Re 

!  I  Rb  i 


or  a  pbamaceutically  acceptable  salt  thereof,  wherein: 

X  is  O  or  S; 

Y  is  O  or  S; 

R1  is  alkyl,  cycloalkyi,  alkenyl,  cycloahcenyl,  aryl,  or  heteroaryl,  each  of  which 
is  optionally  substituted; 

R2  is  alkyl,  cycloalkyi,  alkenyl,  cycloalkenyl,  aryl,  heteroaryl,  eycloalkylalkyl , 
cycloalkenylalkyl.  arylalkyl,  heteroarylalkyl,  cycloalkylalkenyi,  eycloalkenyi&lkenyl, 
aiylalkenyl,  or  hetcroarylalkenyl,  each  of  which  is  optionally  substituted; 

Ra  is  optionally  substituted  alkyl; 

Rb  is  II  or  optionally  substituted  Ci-C,;  alkyl; 

Rc,  Rds  and  Re  are  each  independently  selected  from  (he.  group  consisting  of  II, 
optionally  substituted  Gi-Cg  alkyl,  acyl,  or  a  prodrug  capable  of  releasing  the  attached  nitrogen 
in  vivo. 

3.  The  method  claim  1  or  2  wherein  at  least  one  compound  is  of  the  formula 

Rc  Rd  R® 

3  \  &&  \ 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 
X  is  O  or  S; 
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Y  is  O  or  S; 

R!  is  alkyl,  cycioalkyl,  alkenyl,  cycloalkeny],  aryl.  or  heteroaryl,  each  of  which 
is  optionally  substituted; 

R2  is  alkyl,  cycloalkyi,  alkenyl,  cycloalkenyl,  ary',  heteroaryl,  cycloalkylalkyl, 
eyeloalkenyMkyl,  arylalkyi,  heteroaryialkyl,  cyeloalkylalkenyl,  cycloalkenylalkenvL 
aryl  alkenyl,  or  heteroarylalkenyi,  each  of  which  is  optionally  substituted; 

Ra  is  optionally  substituted  alkyl; 

Rb  is  H  or  optionally  substituted  Gj-Ce  alkyl; 

R°,  Rd,  and  R®  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  C|-Cg  alkyl,  acyl,  or  a  prodru  g  capable  of  releasing  the  attached  ni  trogen 
in  vivo; 

ora  Composition  thereof  further  comprising  one  or  more  carriers,  diluents,. or 
excipients,  or  a  combination  thereof. 

4.  The  method  of  any  one  of  the  preceding  claims  wherein  at  least  one 

compound  is  of  the  formula. 

Rc  Rd  Re 
I  1  Rb  I 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

X  is  O  or  S; 

¥  is  O  or  S; 

Rf  is  alkyl,  cycioalkyl,  alkenyl,  cycloalkenyL  aryl,  or  heteroaryl,  each  of  which 
is  optionally  substituted; 

R2  is  alkyl,  cycioalkyl,  alkenyl,  cycloalkenyl,  aryl,  heteroaryl,  cyeloalkylaikyl, 
cycloalkenylalkyl,  arylalkyi,  heteroaryialkyl,  cycloaikylalketiyl,  cycloalkenyialkenyl, 
aryMkettyh  or  heteroary  l  alkenyl,  each  of  which  is  optionally  substituted; 

R  ’  is  optionally  substituted  alkyl; 

R”  is  H  or  optionally  substituted  C|-C0  alkyl; 

R®,  Rd,  and  R*  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  CKY  alkyl,  acyl,  or  a  prodrug  capable  of  releasing  the  attached  nitrogen 
in  vivo. 

5.  The  method  of  any  one  of  the  preceding  claims  wherein  R1  is  alkyl,  aryl, 
or  heteroaryl,  each  of  which  is  optionally  substituted. 

6.  The  method  of  any  one  of  the  preceding  claims  wherein  R5  is  aryl  or 
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heteroaryl,  each  of  which  is  optionally  substituted. 

7v  The  method  of any  one  the  pededing  claims  wherein  R"  is  alkenyl, 

heteroaryl,  cycloalkylalkyl^  cycloalkeBylaikyl,  arylaikyl,  heteroarylalkyl  cyeloalkyialkenyl, 
cycloalkenylalkenyl,  arylalkeriyk  or  heteroarylaikenyi,  each  of  which  is  optionally  substituted. 

8.  The  method  of  any  one  of  the  preceding  claims  wherein  R*  is  alkenyl, 


cyclpalkylalkyi,  cyclbalkeiMalkyls  arylalkyi,  heteroaiylalkyl,  cyeloalky lalkenyi, 
cyeioalkenylalkenyl,  atylalketiyl,  or  heteroarylalkenvl,  each  of  which  is  optionally  substituted. 

9.  The  method  of  any  one  of  the  preceding  claims  wherein  at  least  one 

compound  is  a  compound  of  the  formula 


X  Ra  Y 


or  a  pharmaceutically  acceptable  salt  thereof,  wherein: 

X  and  Y  are  independently  O  or  S; 

Af'aad  Arb  are  independently  aryl  or  hetefoaryl,  each of  winch . is-  Qptim&llf- 

substituted; 

R*  is  optionally  substituted  alkyl; 

R-*  is  H  or  optionally  subslitated  Cx-C&  alkyl; 

R&?  Rd,  and  R*  are  each  independently  selected  from  the  group  consisting  of  H, 
optionally  substituted  Gi-Od.  alkyl,.  acyl,  and  a  prodrug  capable  of  releasing  the  attached 
nitrogen  in  vivo  to  form  the  corresponding  H  or  salt  derivative  thereof; 

and  A  and  B  are  independently  H,  or  optionally  substituted  C* >-0&  alkyl 
1 0,  The  method  of  claim  9  wherein  the  '.aryl.  m.  a  bicyclic  aryl 

1 1  „  The  method  of  claim  9  or  10  wherein  die  heteroary!  is  a  bieyelic 

heteroaayl 

12.  The  method  of  any  one  of  claims  9  to  1 1  wherein  the  aryl  or  heteroary!  is 
optionally  substituted  with  one  or  more  substituents  selected  from  the  group  consisting  of  halo, 
nitrile,  or  optionally  substituted  Ci-C^  alkyl,  Cv-Cf,  alkoxy,  C  i ba loalkyL  CHh&  lialoalkoxy, 
aryl,  aryfoxy,  heterocyclyi*  heterocyclyloxy,  fused  aryl,  and  fused  hetefocyclyl 

13>  The  method  of  any  one  of  claims  9  to  12  wherein  the  alkenyl  has  an  E 

geometry. 

14.  The  method  of  any  one  of  the ^  preceding  claims  wherein  at  least  one 
compound  is  of  the  formula 
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H:  H  H  .  u 

>'Ar“ 

*■  Y  T  r  ^ 

X  Ra  Y 

or  a  pharmaceutically  acceptable  salt  thereof,  wherein, 

X  is  O  or  S; 

Y  is  Q  or  S; 

Ara  and  Arb  are  independently  aryl  or  heteroaryl,  each  of  which  is  optionally 


substituted;  and 


Ra  is  optionally  substituted  alkyl  , 

IS,  The  method  of  claim  14  wherein  the  aryl  is  a  hieyelic  aryl. 

i  6>  The  method  of  claim  14  or  15  wherein  Ara  is  a  bicydic  heteroaryL 

1 7.  The  method  of  any  one  of  claims  1 4  to  16  wherein,  die  aryl  or  heteroaryl 
is  optionally  substituted  wdh  one  or  more  substituents ' selected  from  the  group  consisting  of 
halo,  nitrile,  or  optionally  substituted  CrQ  alkyl,  Ci-Cs  alkoxy,  CrCg  haloalkyl*  Ci-Cg 
haloalkoxy,  aryi9  aryloxy,  heteroeycl  yt,  heterocyclyloxy,  fused  aryl,  and  fused  heterocyclyl 

18.  The  method  of  any  one  of  claims  14  to  1 7  wherein  R*  is  Mloalkyi 

19.  The  method  of  any  one  of  claims  14  to  18  wherein  RA  is  not 
triiluoromethyl. 

20.  The  method  of  any  one  of  claims  14  to  19  wherein  is ^  haloalkyl,  where 

halo  is  selected  from  the  group  consisting  of  ehloro  and  hromo,  and  combinations  thereof 

21 .  The  method  of  any  one  of  claims  14  to  28  wherein  Ry  Rd,  and  R*  are 
each  independently  selected  from  the  group  consisting  of  B.  optionally  substituted  Gi-Cg  alkyl, 


and  acyl  . 

22.  The  method  of  any  one  of  the  preceding  claims  wherein  at  leas  t  one 
compound  is  salubrinal,  or  an  analog  or  a  derivative  thereof,  or  a  pharmaceutically  acceptable 
sal  t  of  the  foregoing, 

23 >  T  he  method  of  any  one  of  the  preceding  claims  wherein  at  least  one 


compound  is  of  the  formula 


.NR* 


NR* 


or  a  phanuaceutically  acceptable  salt  thereof  wherein 

X  represents  five  substituents  each  independently  selected  from  hydrogen,  halo, 
hydroxy  ?md  deriyatives  thereof  amino  and  derivatives  thereof,  thio md  derivatives  thereof, 
carhoxylate  or  a  derivativo  thereof;  suffinyl  or  a  derivative  thereof  sulfonyl  or  a  derivative 
thereof  phosphinyl  or  a  derivative  thereof  or  phosphonyl  of  a  derivative  thereof,  or  alkyl, 
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alkenyl,  alkynyl  cycioalkyl,  cyeloalkenyL  heteroalkyl,  heteroalkenyl,  cycloheteroalkyl, 
ej^loheteroalkenyt  aryL  heleroaryh  arylalkyl,  ,or -heteioarylalkyl,  each  of  which  is  optionally 
substituted;  and 

R  is  independently  selected  in  each  instance  from  hydrogen,  hydroxy  and 
derivati  ves  thereof,  amino  and  derivatives  thereof,  carboxyl  ate  and  derivati  ves  thereof  sulfony] 
and  derivatives  thereof;  and  alkyl,  alkenyl,  alkynyl,  eycloalkyl,  cyeloalkenyf  heteroalkyi, 
heteroalkenyl,  cycloheteroalkyl,  cyclohetero alkenyl,  aryl  heteroaryl,  arylaikyl,  and 
heteroaryMIkyl,  each  of  which  is  optionally  substituted,  and  nitrogen  prodfug  forming  groups, 
24.  The  method  of  claim  23  wherein  at  least  one  X  is  halo,  such  as  diloro, 

25 »•  The  method  of  claim  23  wherein  at  least  one  X  is  optionally  substituted 

alkyl,  such  as  methyl  or  trifliioromethyl. 

26.  The  method  of  claim  23  wherein  at  least  one  X  is  optionally  substituted 
alkoxy,  such  as  methoxy  or  triflxioromethoxy. 

27.  The  method  of  any  one  of  the  preceding  claims  wherein  at  least  one 

compound  is  of  the  formula 
X 

.mv.nr2 
nr2 

or  a  pharmaceutically  acceptable  salt  thereof 

28 .  The  method  of  claim  27  w  herein  each  X  is  halo, 

29,.  The  method  of  claim  27  wherein  each  X  is  chloro. 

30,  The  method  of  any  one  of  claims  27  to  29  wherein  each  R  is  hydrogen 

31 ,  The  method  of  any  one  of  claims  27  to  30  wherein  at  least  one  compound 
is  guanabenz  or  a  pharmaceutically  acceptable  salt  thereof, 

32,  The  method  of  any  one  of  the  preceding  claims  wherein  the  composition 
further  comprises  one  or  more  carriers,  diluents,  or  excipients,  or  a  bomb i hatidn  thereof , 

33,  The  method  of  any  one  of  the  preceding  claims  wherein  the  host  animal 

is  a  human. 
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ABSTRACT 


Described  herein  are  methods  for  treating  bone  diseases  or  defects.  The  methods 
include  administering  to  a  host  animal  therapeutically  effective  amounts  of  one  or  more 
compounds  that  are  selective  inhibitors  of  dephosphorylation  of  eIF2a. 
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Principal  Component  Analysis  of  the  Regulation  of  Osteoclastogenesis  by  Salubrinal  and  Guanabenz 
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Introduction:  Osteoporosis  is  a  common  debilitating  disease  that  causes  bone  loss.  Salubrinal  and  guanabenz, 
new  potential  therapeutic  agents  for  treating  osteoporosis,  have  attracted  attention  since  they  not  only  activate 
bone-forming  osteoblasts  but  also  suppress  bone -resorbing  osteoclasts  [1].  They  are  known  to  elevate  ATF4,  one 
of  the  known  transcription  factors  for  bone  formation.  However,  the  mechanism  of  their  action  on  bone 
resorption  is  not  fully  understood.  Focusing  on  regulation  of  NFATcl,  a  master  transcription  factor  of  osteoclast 
development,  we  analyzed  the  genome -wide  expression  data  and  predicted  potential  mediators  of  salubrinal  and 
guanabenz  on  bone  resorption. 


Materials  and  Methods:  Principal  component  analysis  (PC A)  was  conducted  [2]  using  two  sets  of  genome- wide 
mRNA  expression  profiles  with  RAW264.7  mouse  pre-osteoclast  cells  (Figure  1).  In  the  first  set  (4  groups),  cells 
were  treated  with  placebo,  RANKL  (stimulator  of  osteoclastogenesis),  salubrinal  with  RANKL,  or  guanabenz 
with  RANKL.  In  the  second  set  (4  groups),  cells  were  treated  with  control  siRNA  or  NFATcl  siRNA  in  the 
presence  and  absence  of  RANKL.  First,  we  applied  PCA  and  selected  genes  that  were  apparently  not  regulated 
by  NF AT c  1 ,  through  a  comparison  between 

A  NFATcl  SiRNA 


the  control  and  NFATcl  siRNA  samples  in 
the  presence  of  RANKL.  The  genes  in  the 
10th  percentile  of  NFATcl  siRNA-dependent 
expression,  whose  components  in  the  first 
principal  axis  (PCI)  were  smaller  than 
others,  were  chosen.  For  those  genes,  we 
applied  PCA  for  identifying  genes 
responsive  to  salubrinal  and  guanabenz. 
Responsiveness  was  evaluated  based  on  the 
components  in  the  first  principal  axis,  which 
clustered  the  samples  by  the  degree  of 
osteoclastogenesis.  In  determining 
responsiveness,  we  considered  statistical 
significance  (root  mean  squared  combined 
p-values)  among  the  samples  with  and 
without  salubrinal  or  guanabenz  treatment. 
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Figure  1.  PCA  on  two  data  sets.  (A)  PCI  (first  principal  axis  for 
siRNA)  and  PC2  (second  principal  axis)  sort  the  samples  based  on 
the  effects  of  NFATcl  siRNA.  (B)  PCI  for  Sal/Gu  clusters  4  sets  of 
samples  along  the  predicted  axis  of  osteoclastogenesis. 


Results  and  Discussion:  PCA  predicted  that  Serinc2,  Rdx,  and  Antxr2  are  potential  activators  of  RANKL- 
mediated  osteoclastogenesis,  whereas  Aril  1,  Zfyve21,  and  PcdhblO  are  potential  inhibitors  of  RANKL-mediated 
osteoclastogenesis.  These  genes  were  identified  to  be  regulated  by  salubrinal  and  guanabenz,  but  unaffected  by 
the  silencing  of  NFATcl. 


Conclusions:  In  this  study,  we  used  PCA  to  predict  potential  regulators  of  salubrinal’s  and  guanabenz’s  action  on 
RANKL-mediated  osteoclastogenesis.  The  predicted  genes  are  upstream  of  NFATcl  or  unrelated  to  NFATcl. 
Further  validation  of  these  candidates  will  be  required  in  order  to  confirm  their  activity  in  regulating  osteoclasts. 
The  elucidation  of  these  mechanisms  will  refine  our  understanding  of  osteoclastogenesis  and  may  help  direct 
future  targets  for  drug  treatment. 
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Abstract  In  response  to  various  stresses  including  viral 
infection,  nutrient  deprivation,  and  stress  to  the  endoplas¬ 
mic  reticulum,  eukaryotic  translation  initiation  factor  2 
alpha  (eIF2a)  is  phosphorylated  to  cope  with  stress  induced 
apoptosis.  Although  bone  cells  are  sensitive  to  environ¬ 
mental  stresses  that  alter  the  phosphorylation  level  of 
eIF2a,  little  is  known  about  the  role  of  eIF2a  mediated 
signaling  during  the  development  of  bone-resorbing 
osteoclasts.  Using  two  chemical  agents  (salubrinal  and 
guanabenz)  that  selectively  inhibit  de-phosphorylation  of 
eIF2a,  we  evaluated  the  effects  of  phosphorylation  of 
eIF2a  on  osteoclastogenesis  of  RAW264.7  pre-osteoclasts 
as  well  as  development  of  MC3T3  El  osteoblast-like  cells. 
The  result  showed  that  salubrinal  and  guanabenz  stimu¬ 
lated  matrix  deposition  of  osteoblasts  through  upregulation 
of  activating  transcription  factor  4  (ATF4).  The  result  also 
revealed  that  these  agents  reduced  expression  of  the 
nuclear  factor  of  activated  T  cells  cl  (NFATcl)  and 
inhibited  differentiation  of  RAW264.7  cells  to  multi- 
nucleated  osteoclasts.  Partial  silencing  of  eIF2oc  with  RNA 
interference  reduced  suppression  of  salubrinal/guanabenz- 
driven  downregulation  of  NFATcl.  Collectively,  we 
demonstrated  that  the  elevated  phosphorylation  level  of 
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eIF2a  not  only  stimulates  osteoblastogenesis  but  also 
inhibit  osteoclastogenesis  through  regulation  of  ATF4  and 
NFATcl.  The  results  suggest  that  eIF2a-mediated  signal¬ 
ing  might  provide  a  novel  therapeutic  target  for  preventing 
bone  loss  in  osteoporosis. 

Keywords  Osteoclasts  •  Salubrinal  •  Guanabenz  •  eIF2a  • 
NFATcl 


Introduction 

Osteoblasts  and  osteoclasts  are  the  two  major  types  of  bone 
cells  in  bone  remodeling.  Osteoblasts  are  bone-forming 
cells  originated  from  mesenchymal  stem  cells,  while 
osteoclasts  are  bone-resorbing  cells  derived  from  hemato¬ 
poietic  stem  cells.  These  two  types  of  cells  orchestrate  a 
complex  remodeling  process,  in  which  mineralized  bone 
matrix  is  degraded  by  osteoclasts  and  newly  formed  by 
osteoblasts  [1,  2].  In  order  to  maintain  proper  bone  mass, 
exercise  and  calcium  rich  diets  are  recommended.  How¬ 
ever,  a  failure  of  the  coordinated  action  such  as  in  osteo¬ 
porosis,  which  is  a  common  form  of  bone  loss  prevailing 
among  postmenopausal  women,  increases  risk  of  bone 
fracture  [3].  In  order  to  develop  therapeutic  drugs  for 
treatment  of  osteoporosis,  an  understanding  of  signaling 
pathways  that  govern  osteoclastogenesis — development  of 
pre-osteoclasts  (monocyte/macrophage)  to  multi-nucleated 
osteoclasts — is  required.  In  this  paper,  we  examined  a 
signaling  pathway  for  osteoclastogenesis  that  is  mediated 
by  eukaryotic  translation  initiation  factor  2  alpha  (eIF2a). 

A  protein  complex,  eIF2,  is  a  heterotrimer  essential  for 
protein  synthesis,  and  eIF2a  is  one  of  its  major  components 
together  with  eIF2(3  and  eIF2y  [4].  In  response  to  various 
stresses  such  as  oxidation,  radiation,  and  stress  to  the 
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endoplasmic  reticulum  that  potentially  lead  to  cellular 
apoptosis,  a  serine  residue  of  eIF2a  is  phosphorylated.  This 
action  would  initiate  a  pro- survival  program  by  lowering 
general  translation  efficiency  except  for  a  group  of  genes 
that  includes  activating  transcription  factor  4  (ATF4)  [5]. 
The  ATF4  is  a  transcription  factor  critical  for  osteoblas- 
togenesis  and  bone  formation  [6].  In  osteoblasts  elevation 
of  phosphorylated  eIF2a  (p-eIF2a)  is  reported  to  stimulate 
the  expression  of  ATF4  [7,  8].  Little  is  known,  however, 
about  potential  effects  of  p-eIF2a  on  development  of 
osteoclasts. 

Herein  we  addressed  a  question:  Does  elevation  of 
p-eIF2oe  alter  cellular  fates  of  pre-osteoclasts?  Osteoblasts 
and  osteoclasts  extensively  interact  through  molecular 
pathways  including  RANK  (receptor  activator  of  nuclear 
factor  kappa-B)/RANKL  (RANK  ligand)/OPG  (osteopro- 
tegerin)  signaling  [9,  10]  and  Wnt  signaling  [11].  There¬ 
fore,  osteoclastogenesis  is  potentially  regulated  by 
signaling  molecules  that  also  affect  osteoblastogenesis. 
Furthermore,  osteoclastogenesis  is  influenced  by  various 
stresses  such  as  estrogen  deficiency  and  disuse  or  unload¬ 
ing  [12].  Since  elevation  of  p-eIF2a  can  provide  stress- 
relieving  effects  on  osteoblasts,  we  hypothesized  that  ele¬ 
vation  of  p-eIF2a  suppresses  differentiation  of  pre-osteo- 
clasts  to  multi-nucleated  osteoclasts. 

In  this  study,  we  employed  two  chemical  agents  (sa- 
lubrinal  and  guanabenz)  and  examined  the  effects  of  ele¬ 
vated  p-eIF2a  on  osteoclastogenesis.  These  two  agents 
selectively  inhibit  de-phosphorylation  of  p-eIF2a  by 
interacting  with  protein  phosphatase  1,  PP1  [13,  14].  The 
signaling  pathway,  mediated  by  eIF2a,  is  not  directly 
linked  to  known  agents  for  osteoclastogenesis  such  as 
calcium  binding  agents  and  RANKL.  Currently,  the  most 
common  medications,  prescribed  for  preventing  bone  loss 
in  patients  with  osteoporosis,  are  bisphosphonates.  Bis- 
phosphonates  preferentially  bind  to  calcium  in  bone  and 
induce  apoptosis  of  osteoclasts  [15].  Other  medications 
using  neutralizing  antibodies  targeted  to  RANKL  would 
block  osteoclastogenesis  by  mimicking  OPG’s  binding  to 
RANKL  [16].  The  RANKL  is  a  cytokine  belonging  to  the 
tumor  necrosis  factor  family,  and  is  involved  in  T  cell- 
dependent  immune  responses  as  well  as  differentiation  and 
activation  of  osteoclasts  [9,  10].  To  our  knowledge,  no 
therapeutic  agents  for  osteoporosis  have  been  targeted  to 
eIF2a-mediated  signaling. 

We  employed  MC3T3  El  osteoblast-like  cells  [17]  and 
RAW264.7  cells  [18]  to  evaluate  osteoblastogenesis  and 
osteoclastogenesis,  respectively.  In  the  presence  and 
absence  of  salubrinal  and  guanabenz,  MC3T3  El  cells 
were  cultured  in  an  osteogenic  medium  for  evaluation  of 
matrix  deposition,  while  RAW264.7  cells  were  cultured  in 
an  osteoclast  differentiation  medium  for  evaluation  of 
multi-nucleation.  Alizarin  Red  S  staining  was  performed  to 


evaluate  osteoblast  mineralization  for  MC3T3  El  cells,  and 
TRAP  staining  was  conducted  to  determine  multi-nucle¬ 
ated  osteoclasts  proliferation  for  RAW264.7  cells.  To 
analyze  molecular  signaling  pathways,  quantitative  real¬ 
time  PCR  and  Western  blot  analysis  were  conducted.  The 
mRNA  levels  of  ATF4,  osteocalcin,  c-Fos  [19],  tartrate- 
resistant  acid  phosphatase  (TRAP)  [20],  and  osteoclast- 
associated  receptor  (OSCAR)  [21]  were  determined.  The 
protein  expression  levels  of  eIF2a,  ATF4,  and  nuclear 
factor  of  activated  T  cells  cl  (NFATcl)  [22]  were  also 
determined.  The  NFATcl  is  a  transcription  factor,  which  is 
critically  important  for  development  and  activation  of 
osteoclasts  in  response  to  RANKL.  The  RNA  interference 
using  siRNA  specific  to  ATF4  and  eIF2a  was  conducted  to 
evaluate  the  role  of  ATF4  in  osteoblastogenesis  and  eIF2a 
in  osteoclastogenesis. 

Materials  and  methods 

Cell  culture 

The  MC3T3  El  mouse  osteoblast-like  cells  (clone  14 — 
MC3T3  El- 14;  and  no  clonal  cells  in  supplementary  fig¬ 
ures),  and  RAW264.7  mouse  pre-osteoclast  (monocyte/ 
macrophage)  cells  were  cultured  in  oeMEM  containing 
10  %  fetal  bovine  serum  and  antibiotics  (50  U/ml  peni¬ 
cillin,  and  50  pg/ml  streptomycin;  Life  Technologies, 
Grand  Island,  NY,  USA).  Cells  were  maintained  at  37  °C 
and  5  %  C02  in  a  humidified  incubator.  Cell  mortality  and 
live  cell  numbers  were  determined  24  h  after  the  treatment 
with  20  ng/ml  RANKL  (PeproTech,  Rocky  Hills,  NC, 
USA)  in  response  to  0.1-20  pM  salubrinal  or  1-20  pM 
guanabenz  acetate  (Tocris  Bioscience,  Ellisville,  MO, 
USA).  Cells  were  stained  with  trypan  blue  and  the  num¬ 
bers  of  live  and  dead  cells  were  counted  using  a 
hemacytometer. 

Quantitative  real-time  PCR 

Total  RNA  was  extracted  using  an  RNeasy  Plus  mini  kit 
(Qiagen,  Germantown,  MD,  USA).  Reverse  transcription 
was  conducted  with  high  capacity  cDNA  reverse  tran¬ 
scription  kits  (Applied  Biosystems,  Carlsbad,  CA,  USA), 
and  quantitative  real-time  PCR  was  performed  using  ABI 
7500  with  Power  SYBR  green  PCR  master  mix  kits 
(Applied  Biosystems).  We  evaluated  mRNA  levels  of 
ATF4,  Osteocalcin  (OCN),  NFATcl,  c-Fos,  tartrate- 
resistant  acid  phosphatase  (TRAP),  and  osteoclast- 
associated  receptor  (OSCAR)  with  the  PCR  primers  listed 
in  Table  1.  The  GAPDH  was  used  for  internal  control.  The 
relative  mRNA  abundance  for  the  selected  genes  with 
respect  to  the  level  of  GAPDH  mRNA  was  expressed  as  a 


Springer 


620 


J  Bone  Miner  Metab  (2013)  31:618-628 


Table  1  Real-time  PCR 
primers  used  in  this  study 


Target  Forward  primer 


Backward  primer 


ATF4 

OCN 

NFATcl 

c-Fos 

TRAP 

OSCAR 

GAPDH 


S'-TGGCGAGTGTAAGGAGCTAGAAA-J' 

S'-CCGGGAGCAGTGTGAGCTTA-J' 

5'  -GGTGCTGTCTGGCC  AT  AACT-  3' 

5'  -  AGGCCC  AGTGGCTC  AG  AGA-  3 ' 
S'-TCCTGGCTCAAAAAGCAGTTG' 
5'-ACACACACACCTGGCACCTA-3/ 
S'-TGCACCACCAACTGCTTAG-J' 


5' -TCTTCCCCCTTGCCTTACG-3' 

S'-AGGCGGTCTTCAAGCCATACTG' 

S'-GCGGAAAGGTGGTATCTCAA-J' 

S'-CCAGTCTGCTGCATAGAAGGAA-J' 

S'-ACATAGCCCACACCGTTCTC-T 

s'-gagaccatcaaaggcagagc-T 

S'-GGATGCAGGGATGATGTTC-J' 


ratio  of  Streated/^controb  where  treated  is  the  mRNA  level  for 
the  cells  treated  with  chemical  agents,  and  5controi  is  the 
mRNA  level  for  control  cells  [23]. 

Western  immunoblotting 

Cells  were  lysed  in  a  radioimmunoprecipitation  assay 
(RIPA)  buffer  containing  protease  inhibitors  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA,  USA)  and  phosphatase 
inhibitors  (Calbiochem,  Billerica,  MA,  USA).  Isolated 
proteins  were  fractionated  using  10-15  %  SDS  gels  and 
electro-transferred  to  Immobilon-P  membranes  (Millipore, 
Billerica,  MA,  USA).  The  membrane  was  incubated  for  1  h 
with  primary  antibodies  followed  by  45  min  incubation 
with  goat  anti-rabbit  or  anti-mouse  IgG  conjugated  with 
horseradish  peroxidase  (Cell  Signaling,  Danvers,  MA, 
USA).  We  used  antibodies  against  ATF4,  NFATcl  (Santa 
Cruz),  p-eIF2a  (Thermo  Scientific,  Waltham,  MA,  USA), 
eIF2a,  caspase  3,  cleaved  caspase  3,  p38  and  p-p38  mito¬ 
gen  activated  protein  kinase  (MAPK),  extracellular  signal- 
regulated  kinase  (ERK)  and  p-ERK,  nuclear  factor  kappa  B 
(NFkB)  p65  and  p-NFkB  p65  (Cell  Signaling),  and  (3-actin 
(Sigma).  Protein  levels  were  assayed  using  a  SuperSignal 
west  femto  maximum  sensitivity  substrate  (Thermo  Sci¬ 
entific),  and  signal  intensities  were  quantified  with  a 
luminescent  image  analyzer  (LAS-3000,  Fuji  Film,  Tokyo, 
Japan). 

Knockdown  of  ATF4  and  eIF2a  by  siRNA 

Cells  were  treated  with  siRNA  specific  to  ATF4  and  eIF2a 
(Life  Technologies).  Selected  target  sequences  for  knock¬ 
down  of  ATF4  and  eIF2oe  were:  ATF4,  5'-GCU  GCU  UAC 
AUU  ACU  CUA  A-3';  and  eIF2oc,  5'-CGG  UCA  AAA 
UUC  GAG  CAG  A-3'.  As  a  nonspecific  control,  a  negative 
siRNA  (Silencer  Select  #1,  Life  Technologies)  was  used. 
Cells  were  transiently  transfected  with  siRNA  for  ATF4, 
eIF2a  or  control  in  Opti-MEM  I  medium  with  Lipofect- 
amine  RNAiMAX  (Life  Technologies).  Six  hours  later,  the 
medium  was  replaced  by  regular  culture  medium.  The 


efficiency  of  silencing  was  assessed  with  immunoblotting 
or  quantitative  PCR  48  h  after  transfection. 

Mineralization  assay 

Mineralization  of  extracellular  matrix  was  assayed  by 
Alizarin  Red  S  staining.  The  MC3T3-E1  cells  were  plated  in 
6- well  plates.  When  cells  were  confluent,  50  pg/ml  of 
ascorbic  acid  (Wako  Chemicals,  Richmond,  VA,  USA)  and 
5  mM  (3-glycerophosphate  (Sigma)  were  added.  The  med¬ 
ium  was  changed  every  other  day,  and  staining  was  con¬ 
ducted  after  3  weeks.  Cells  were  washed  with  PBS  twice  and 
fixed  with  60  %  isopropanol  for  1  min  at  room  temperature, 
followed  by  rehydration  with  distilled  water  for  3  min  at 
room  temperature.  They  were  stained  with  1  %  Alizarin  red 
S  (Sigma)  for  3  min  and  washed  with  distilled  water. 

Osteoclastogenesis  in  vitro  and  TRAP  (Tartrate- 
resistant  acid  phosphatase)  staining 

The  RAW264.7  cells  were  plated  at  a  density  of  5  x  103/ 
cm2  into  a  12- well  or  a  60  mm  dish,  and  cultured  with 
20  ng/ml  RANKL  in  the  presence  and  absence  of  salubri- 
nal  or  guanabenz.  The  culture  medium  was  replaced  every 
2  days.  After  5  days  of  culture,  the  cells  were  stained  for 
TRAP  staining  using  an  acid  phosphatase  leukocyte  kit 
(Sigma).  The  number  of  TRAP-positive  cells  containing 
three  or  more  nuclei  was  determined. 

Statistical  analysis 

Three  or  four-independent  experiments  were  conducted  and 
data  were  expressed  as  mean  ±  SD.  For  comparison  among 
multiple  samples,  ANOVA  followed  by  post  hoc  tests  was 
conducted.  Statistical  significance  was  evaluated  at 
p  <  0.05.  The  single  and  double  asterisks  and  daggers 
indicate  p  <  0.05  and  p  <  0.01.  To  determine  intensities  in 
immunoblotting  and  areas  of  Alizarin  red  S  staining,  images 
were  scanned  with  Adobe  Photoshop  CS2  (Adobe  Systems, 
San  Jose,  CA,  USA)  and  quantified  using  Image  J. 
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Results 

Enhanced  mineralization  of  MC3T3  El- 14  cells 
by  salubrinal 

Prior  to  examining  the  effects  of  salubrinal  on  osteo- 
clastogenesis,  we  tested  its  effects  on  the  development  of 
osteoblasts  focusing  on  cell  viability,  phosphorylation  of 
eIF2a  (p-eIF2oc),  expression  of  ATF4  and  osteocalcin,  and 
matrix  mineralization.  Administration  of  5-20  pM  salubr¬ 
inal  to  MC3T3  El- 14  cells  did  not  increase  cell  mortality 
or  inhibit  cell  proliferation  (Fig.  la).  Unlike  application  of 
10  nM  thapsigargin,  which  is  a  stress  inducer  to  the 
endoplasmic  reticulum  that  elevates  p-eIF2a,  incubation 
with  10  pM  salubrinal  for  24  h  did  not  elevate  the 
expression  level  of  cleaved  caspase  3  (Fig.  lb).  After 
3 -week  incubation  in  an  osteogenic  medium,  Alizarin  red  S 
staining  area  showed  that  salubrinal  enhanced  mineraliza¬ 
tion  of  MC3T3  El -14  cells  in  a  dose  dependent  manner 
(Fig.  lc).  The  enhanced  mineralization  was  also  observed 
in  non-clonal  MC3T3  El  cells  (Supplementary  Fig.  SI). 

ATF4-mediated  elevation  of  osteocalcin  mRNA 
in  MC3T3  El-14  cells 


elevated  phosphorylation  of  eIF2a,  followed  by  an  increase 
in  ATF4  expression  (Fig.  2a).  Furthermore,  the  level  of 
osteocalcin  mRNA  was  increased  3.3  zb  0.5  fold  (24  h) 
and  3.3  ±  0.3  fold  (32  h)  (Fig.  2b).  When  expression  of 
ATF4  was  significantly  reduced  by  RNA  interference 
(Fig.  2c,  d),  however,  salubrinal-driven  elevation  of  the 
osteocalcin  mRNA  level  was  suppressed  (Fig.  2e).  Non- 
clonal  MC3T3  El  cells  also  presented  elevation  of  p-eIF2a 
and  ATF4,  together  with  an  increase  in  the  mRNA  levels  of 
ATF4  and  osteocalcin  (Supplementary  Fig.  S2).  In  addi¬ 
tion,  administration  of  guanabenz  to  MC3T3  El -14  ele¬ 
vated  the  mRNA  level  of  osteocalcin  in  a  dose  dependent 
manner,  consistent  with  an  increase  in  p-eIF2a  and  ATF4 
(Supplementary  Fig.  S3). 


a  _ control _ Sal _  control _ Sal 

1  2  4  8  1  2  4  8  h  24  32  24  32  h 


Salubrinal  is  an  inhibitor  of  de-phosphorylation  of  eIF2a. 
Administration  of  5  pM  salubrinal  to  MC3T3  El-14  cells 


Sal  (pM) 


Fig.  1  Osteogenic  effects  of  salubrinal  on  MC3T3  El  (clone  14) 
osteoblast  cells.  CN  control,  Sal  salubrinal,  and  Tg  thapsigargin.  The 
double  asterisk  indicates  p  <  0.01  in  comparison  to  CN.  a  Cell 
mortality  ratio  and  relative  cell  numbers,  b  No  activation  of  cleaved 
caspase  3  by  salubrinal.  c  Alizarin  red  S  staining  area  in  response  to  5, 
10,  and  20  pM  salubrinal 
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Fig.  2  Upregulation  of  p-eIF2a,  ATF4  and  osteocalcin  by  salubrinal 
in  MC3T3  El  (clone  14)  osteoblast  cells  in  response  to  5  pM 
salubrinal.  CN  control,  Sal  salubrinal,  and  NC  non-specific  control 
siRNA.  The  double  asterisk  indicates  p  <  0.01  in  comparison  to  CN 
or  NC.  The  double  dagger  indicates  with  p  <  0.01  in  comparison  to 
the  salubrinal-treated  NC  siRNA  cells,  a  Western  blot  analysis  of  p- 
eIF2a  and  ATF4.  b  Salubrinal  driven  elevation  of  osteocalcin  mRNA 
level,  c  ATF4  level  after  transfecting  siRNA  specific  to  ATF4. 
d  Relative  mRNA  levels  of  ATF4  in  response  to  RNA  interference 
with  ATF4  siRNA  and  non-specific  control  (NC)  siRNA.  e  Relative 
mRNA  levels  of  osteocalcin  (OCN).  The  asterisk  is  for  the 
comparison  to  the  control  with  NC  siRNA,  and  the  dagger  is  the 
comparison  between  the  samples  transfected  with  ATF4  siRNA 
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Inhibition  of  osteoclastogenesis  of  RAW264.7  cells 
by  salubrinal 

The  primary  aim  of  this  study  is  to  evaluate  the  effects  of 
salubrinal  on  osteoclastogenesis.  In  response  to  0.1-20  pM 
salubrinal  for  24  h,  we  examined  cell  mortality  and  live 
cell  numbers  of  RAW264.7  pre-osteoclasts.  Cell  mortality 
ratio  did  not  present  statistically  significant  differences  in 
the  presence  and  absence  of  RANKL  (Fig.  3a).  The  num¬ 
ber  of  live  cells  was  increased  by  ~  50  %  by  incubation 
with  RANKL,  and  administration  of  10-20  pM  salubrinal 
reduced  the  numbers  approximately  by  10  %  (Fig.  3b). 
Consistent  with  the  stimulatory  role  of  RANKL,  the 
number  of  TRAP-positive  multi-nucleated  cells  was  sub¬ 
stantially  increased  by  the  addition  of  RANKL.  However, 


administration  of  0.5-20  pM  salubrinal  reduced  the  num¬ 
ber  of  TRAP-positive  cells  in  a  dose  dependent  manner 
(Fig.  3c,  d). 

Downregulation  of  NFATcl  in  RAW264.7  cells 
by  salubrinal 

The  NFATcl  is  a  transcription  factor  critical  for  acti¬ 
vating  osteoclastogenesis.  Addition  of  RANKL  to  the 
culture  medium  significantly  induced  NFATcl  expression 
at  day  2  and  maintained  its  elevated  level  on  day  4 
(Fig.  4).  The  RANKL-induced  expression  of  NFATcl 
was  reduced  by  administration  of  5-20  pM  salubrinal  on 
both  days,  and  the  effect  of  salubrinal  was  dose  depen¬ 
dent  (Fig.  4). 


Fig.  3  Inhibitory  effects  of 
salubrinal  on  RAW264.7  pre¬ 
osteoclasts.  CN  control,  and  Sal 
salubrinal.  The  single  and 
double  asterisks  indicate 
p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively,  a  Cell 
mortality  ratio,  b  Relative  cell 
numbers,  c  Dose-dependent 
suppression  of  RANKL  driven 
activation  of  osteoclasts  by 
salubrinal.  d  Dose-dependent 
suppression  of  TRAP-positive 
multi-nucleated  cells  by 
salubrinal 
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Fig.  4  Reduction  of  RANKL-induced  NFATcl  expression  by  sa- 
lubrinal.  Sal  salubrinal.  The  relative  intensity  of  NFATcl  to  (3-actin  is 
shown,  a  Expression  of  NFATcl  (2  days  after  RANKL  administra¬ 
tion).  b  Expression  of  NFATcl  (4  days  after  RANKL  administration) 


level  for  the  cells  that  were  not  treated  with  RANKL 
without  administration  of  guanabenz. 

Inhibitory  effects  of  guanabenz  on  osteoclastogenesis 
of  RAW264.7  cells 

To  further  examine  a  potential  involvement  of  p-eIF2a  in 
regulation  of  osteoclastogenesis,  we  employed  guanabenz 
that  also  acts  as  an  inhibitor  of  de-phosphorylation  of 
eIF2a.  Administration  of  1  and  5  pM  guanabenz  did  not 
alter  cell  mortality  and  the  number  of  live  cells,  although 
its  administration  at  10  and  20  pM  reduced  the  number  of 
live  cells  in  24  h  (Fig.  7a,  b).  Consistent  with  salubrinal’ s 
inhibitory  action,  guanabenz  also  attenuated  osteoclasto¬ 
genesis  of  RAW264.7  cells  in  a  dose  dependent  manner 
(Fig.  7c,  d).  Compared  to  the  number  of  TRAP-positive 
multi-nucleated  cells  of  377  ±  39  (RANKL  only),  guana¬ 
benz  reduced  the  number  of  differentiated  osteoclasts  to 
364  ±  38  (1  pM),  288  ±  51  (5  pM),  189  ±  25  (10  pM), 
and  73  =b  16  (20  pM). 


Partial  suppression  of  mRNA  levels  of  NFATcl,  c-Fos, 
TRAP,  and  OSCAR  by  salubrinal 

Addition  of  RANKL  increased  the  mRNA  levels  of 
NFATcl,  c-Fos,  TRAP,  and  OSCAR,  and  administration  of 
20  pM  salubrinal  significantly  reduced  their  mRNA  levels. 
On  day  2,  for  instance,  the  RANKL-driven  increase  was 
9.4  ±  0.5  fold  (NFATcl),  1.9  ±  0.1  fold  (c-fos), 
165  ±  4.2  fold  (TRAP),  and  467  ±  22  fold  (OSCAR).  The 
reduction  by  20  pM  salubrinal  was  46  %  (NFATcl),  32  % 
(c-fos),  35  %  (TRAP),  and  21  %  (OSCAR)  (Fig.  5a). 
Consistent  with  the  observed  dose  response,  administration 
of  salubrinal  at  0.1-1  pM  did  not  contribute  to  significant 
reduction  in  these  mRNA  levels  except  for  NFATcl  and 
c-fos  on  day  4  (Fig.  5b). 

Temporal  profile  of  p-eIF2a  and  NFATcl 

The  temporal  expression  profile  revealed  that  addition  of 
RANKL  transiently  reduced  the  phosphorylation  level  of 
eIF2oe  (2-8  h)  and  elevated  NFATcl  by  13.4  ±  3.2  fold 
(24  h)  (Fig.  6).  This  induction  of  NFATcl  was  partially 
suppressed  by  salubrinal  with  an  increase  in  the  level  of 
p-eIF2a.  In  the  early  period  (2-4  h),  administration  of 
20  pM  salubrinal  increased  the  level  of  p-eIF2a  but  did  not 
alter  the  level  of  NFATcl.  In  the  later  period  (8-24  h), 
however,  the  level  of  NFATcl  was  significantly  reduced  by 
48  %  (8  h)  and  44  %  (24  h).  Administration  of  20  pM 
salubrinal  did  not  significantly  alter  the  phosphorylation 
level  of  ERK,  p38  MAPK,  and  NFkB  (Fig.  6).  Note  that 
the  normalized  level  of  “1”  in  Fig.  6c  was  defined  as  the 


Reduction  of  RANKL-induced  NFATcl,  c-Fos,  TRAP, 
and  OSCAR  by  guanabenz 

The  induction  of  NFATcl  by  RANKL  was  suppressed  by 
guanabenz  in  a  dose  dependent  manner  (Fig.  8a).  The 
mRNA  levels  of  NFATcl,  c-Fos,  TRAP,  and  OSCAR  were 
also  reduced  by  administration  of  20  pM  guanabenz. 
Lower  concentrations  of  guanabenz,  5  and  10  pM,  were 
effective  in  reducing  the  levels  of  TRAP  and  OSCAR 
mRNA  (Fig.  8b).  The  temporal  expression  profile  of 
p-eIF2a  and  NFATcl  in  response  to  20  pM  guanabenz 
revealed  that  p-eIF2a  was  upregulated  in  2  h  and  NFATcl 
was  partially  suppressed  in  8  h  (Fig.  9).  The  normalized 
level  of  “  1  ”  was  defined  as  the  level  for  the  cells  that  were 
not  treated  with  RANKL  without  administration  of 
guanabenz.  In  the  absence  of  RANKL  administration, 
however,  either  salubrinal  or  guanabenz  did  not  signifi¬ 
cantly  alter  cell  mortality  and  expression  of  NFATcl  and 
TRAP  (Supplementary  Fig.  S4). 

Reduction  in  salubrinal/guanabenz-driven  suppression 
of  NFATcl  expression  by  RNA  interference  for  eIF2a 

To  evaluate  the  effects  of  eIF2a  on  the  expression  level  of 
NFATcl,  we  employed  RNA  interference  specific  for 
eIF2a  together  with  a  non-specific  control  (NC)  (Fig.  10). 
In  response  to  20  pM  salubrinal,  RAW264.7  cells  trans¬ 
fected  with  the  control  siRNA  demonstrated  a  reduction  of 
NFATcl  by  56  %.  However,  the  expression  of  NFATcl 
was  reduced  only  by  20  %  in  the  cells  transfected  with 
eIF2a  siRNA.  Furthermore,  20  pM  guanabenz  decreased 
the  level  of  NFATcl  by  43  %  in  the  cells  transfected  with 
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Fig.  5  Effects  of  salubrinal  on 
mRNA  expression  levels  of 
NFATcl,  c-Fos,  TRAP,  and 
OSCAR.  CN  control.  The  single 
and  double  asterisks  indicate 
significant  decreases  with 
p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively.  The 
single  and  double  daggers 
indicate  significant  increases 
with  p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively, 
a  Messenger  RNA  levels 
(2  days  after  RANKL 
administration),  b  Messenger 
RNA  levels  (4  days  after 
RANKL  administration) 


the  control  siRNA  but  the  transfection  of  eIF2a  siRNA 
abolished  the  suppressive  effect  of  guanabenz.  The  phos¬ 
phorylation  level  of  NFkB  was  not  significantly  altered  by 
transfection  with  eIF2oc  siRNA. 


Discussion 

In  this  study  we  demonstrate  that  differentiation  of 
RAW264.7  pre-osteoclasts  to  multi-nucleated  osteoclasts  is 
inhibited  by  administration  of  salubrinal  and  guanabenz, 
which  block  de-phosphorylation  of  eIF2a  and  elevate  the 
level  of  p-eIF2a.  The  growth  area  covered  by  multi- 
nucleated  cells  is  significantly  reduced  by  salubrinal  and 


guanabenz  in  a  dose  dependent  manner.  Partially  silencing 
eIF2a  using  RNA  interference  significantly  suppressed 
salubrinal/guanabenz-driven  reduction  of  NFATcl 
expression.  Together  with  the  stimulated  development  of 
MC3T3  El  osteoblasts  by  an  increase  in  ATF4  expression, 
the  results  herein  suggest  that  eIF2a  mediated  signaling 
may  play  a  physiological  role  in  osteoclastogenesis  and 
osteoblastogenesis. 

Both  salubrinal  and  guanabenz  interact  with  PP1  and 
inhibit  its  activity  of  de-phosphorylating  p-eIF2oc.  Guana¬ 
benz  is  reported  to  bind  to  PP1R15A  subunit  [14],  while 
the  exact  binding  site  of  salubrinal  is  not  known.  Guana¬ 
benz  is  also  known  as  an  oc2- adrenergic  receptor  agonist 
and  used  to  treat  hypertension  [24].  The  observed 
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Fig.  6  Temporal  expression  profile  of  p-ERK,  p-p38  MAPK, 
P-NFkB,  p-eIF2a  and  NFATcl  in  the  presence  and  absence  of 
20  pM  salubrinal.  a  Western  blot  analysis  of  p-ERK,  p-p38  MAPK, 
P-NFkB,  and  p-eIF2a  at  15,  30,  60  and  120  min.  b  Western  blot 
analysis  of  eIF2a-p  and  NFATcl.  c  Comparison  of  the  expression 
level  of  eIF2a-p  and  NFATcl  with  and  without  20  pM  salubrinal. 
The  normalized  level  of  “  1  ”  was  defined  as  the  level  for  the  cells  that 
were  not  treated  with  RANKE  without  administration  of  salubrinal 


stimulation  of  osteoblastogenesis  as  well  as  attenuation  of 
osteoclastogenesis  by  both  agents  strongly  indicates  that 
eIF2a-mediated  signaling  is  central  to  regulation  of  ATF4 
and  NFATcl.  This  result  is  also  supported  by  the  salubri- 
nal-driven  alterations  in  the  mRNA  levels  of  osteocalcin 
and  TRAP,  which  are  representative  in  development  of 
osteoblasts  and  osteoclasts,  respectively.  Osteocalcin  is 
synthesized  solely  by  osteoblasts  for  matrix  mineralization 
and  calcium  homeostasis  [25],  while  TRAP  is  highly 
expressed  in  osteoclasts  and  its  overexpression  has  been 
observed  to  cause  bone  loss  in  transgenic  mice  [26]. 
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Fig.  7  Inhibitory  effects  of  guanabenz  on  development  of 
RAW264.7  pre-osteoclasts.  CN  control,  Gu  guanabenz.  The  single 
and  double  asterisks  indicate  significant  decreases  with  p  <  0.05  and 
p  <  0.01  in  comparison  to  the  RANKF-treated  cells,  respectively, 
a  Cell  mortality  ratio,  b  Relative  cell  numbers,  c  Dose-dependent 
suppression  of  RANKE  driven  activation  of  osteoclasts  by  guanabenz. 
d  Dose-dependent  suppression  of  TRAP-positive  multi-nucleated 
cells  by  guanabenz 


The  elevation  of  p-eIF2a  is  reported  to  enhance  the 
development  of  osteoblasts  and  mineralization  of  extra¬ 
cellular  matrix.  In  response  to  various  stresses  such  as 
oxidation,  radiation,  and  stress  to  the  endoplasmic  reticu¬ 
lum,  cells  undergo  either  survival  or  an  apoptotic  pathway 
[27].  As  part  of  a  pro-survival  program,  the  level  of 
p-eIF2a  is  raised  followed  by  diminished  translational 
efficiency  to  all  proteins  except  for  a  limited  group 
including  ATF4  [5].  Salubrinal’ s  action  mimics  the 
induction  of  a  pro- survival  program  without  imposing 
damaging  stresses,  which  result  in  the  upregulation  of 
ATF4  without  inducing  apoptosis.  Since  ATF4  is  a  tran¬ 
scription  factor  critical  for  osteoblastogenesis  and  bone 
formation,  we  examined  the  effects  of  the  administration  of 
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Fig.  8  Reduction  of  RANKL-induced  NFATcl  expression  by  guana- 
benz.  CN  control,  Gu  guanabenz.  The  single  and  double  asterisks 
indicate  significant  decreases  with  p  <  0.05  and  p  <  0.01  in  com¬ 
parison  to  the  RANKL-treated  cells,  respectively,  a  Expression  of 
NFATcl  (2  days  after  RANKL  administration),  b  Messenger  RNA 
levels  of  NFATcl,  c-Fos,  TRAP,  and  OSCAR  (2  days  after  RANKL 
administration) 


salubrinal  and  guanabenz  on  the  mRNA  level  of  osteo¬ 
calcin  as  well  as  the  mineralization  of  the  extracellular 
matrix.  Silencing  ATF4  using  RNA  interference  signifi¬ 
cantly  suppressed  salubrinal-driven  upregulation  of  osteo¬ 
calcin  expression.  Thus,  the  result  here  is  consistent  with 
the  previously  reported  role  of  salubrinal  that  stimulates 
new  bone  formation  in  the  healing  of  bone  wound  [8]. 

A  schematic  diagram  illustrating  the  proposed  pathway 
of  eIF2a-mediated  signaling  in  osteoblastogenesis  and 
osteoclastogenesis  is  presented  (Fig.  11).  Through  inhibi¬ 
tion  of  de-phosphorylation  of  eIF2a,  salubrinal  and 
guanabenz  are  capable  of  enhancing  bone  formation  by 
activating  ATF4,  as  well  as  reducing  bone  resorption  by 
down-regulating  NFATcl.  Osteoclastogenesis  is  a  complex 
developmental  process,  in  which  active  interactions  take 
place  between  osteoblasts  and  osteoclasts.  In  the  RANK/ 
RANKL/OPG  signaling  pathway,  for  instance,  osteoblasts 
provide  RANKL  that  stimulates  osteoclastogenesis.  Since 
binding  of  RANKL  to  RANK  is  known  to  activate  MAPKs 
and  NFkB  [28,  29],  we  evaluated  a  potential  role  of  ERK, 
p38,  and  NFkB  in  the  eIF2a-mediated  signaling.  In 
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Fig.  9  Temporal  expression  profile  of  p-eIF2a  and  NFATcl  in  the 
presence  and  absence  of  20  pM  guanabenz.  Gu  guanabenz.  a  Western 
blot  analysis  of  eIF2a-p  and  NFATcl.  b  Comparison  of  the 
expression  level  of  eIF2a-p  and  NFATcl  with  and  without  20  pM 
guanabenz.  The  normalized  level  of  “1”  was  defined  as  the  level  for 
the  cells  that  were  not  treated  with  RANKL  without  administration  of 
guanabenz 


response  to  administration  of  20  pM  salubrinal,  we 
examined  the  levels  of  p-ERK,  p-p38  MAPK,  and  p-NFicB 
together  with  p-eIF2a.  However,  no  detectable  changes  in 
the  levels  of  their  phosphorylated  form  were  observed.  It  is 
possible  that  salubrinal  may  activate  transcription  factors 
such  as  MafB  (V-maf  musculoaponeurotic  fibrosarcoma 
oncogene  homolog  B),  IRF8  (interferon  regulatory  factor 
8),  and  Bcl6  (B  cell  lymphoma  6),  which  are  known  to  be 
inhibitors  of  NFATcl  [30-32].  Alternatively,  microRNA 
and  epigenetic  changes  such  as  histone  modification  reg¬ 
ulate  expression  of  NFATcl  might  be  involved  [33,  34]. 
For  instance,  H3K27  demethylase  is  reported  to  demethy¬ 
late  the  site  of  H3K27me3  of  NFATcl  and  stimulate 
RANKL-induced  osteoclastogenesis  [34].  The  results 
herein  require  further  analysis  on  a  regulatory  mechanism 
that  links  elevation  of  p-eIF2oe  to  the  suppression  of 
NFATcl. 

A  recent  study  independently  reported  that  salubrinal 
alters  the  fate  of  osteoclasts  and  bone  resorption  through 
eIF2a-mediated  translational  regulation  [35].  Herein,  we 
further  examined  the  regulatory  mechanism  using  not  only 
salubrinal  but  also  guanabenz,  which  are  the  inhibitors  of 
PP1.  The  results  revealed  that  these  agents  can  also  regu¬ 
late  expression  of  NFATcl  at  a  transcriptional  level.  A 
separate  in  vivo  study  as  well  as  in  vitro  studies  using 


<£)  Springer 


J  Bone  Miner  Metab  (2013)  31:618-628 


627 


a  NC  elF2a 

siRNA  siRNA 


elF2a 


(3-actin 


b 

P-NFkB 

NFkB 


NFATcl 


p-actin  mm  mm  mm  mm 

siRNA:  NC  elF2a  NC  elF2a  NC  elF2a  NC  elF2a 

control  RANKL  Sal  Gu 


siRNA:  NC  elF2a  NC  elF2a  NC  elF2a  NC  elF2a 


control  RANKL  Sal  Gu 

Fig.  10  Reduction  in  salubrinal/guanabenz  driven  suppression  of 
NFATcl  expression  by  RNA  interference  specific  for  eIF2a.  Sal 
salubrinal,  Gu  guanabenz,  and  NC  non-specific  control  siRNA.  The 
single  and  double  asterisks  indicate  significant  changes  to  the 
RANKL-treated  NC  siRNA  cells  with  p  <  0.05  and  p  <  0.01, 
respectively.  The  single  and  double  daggers  indicate  significant 
changes  to  the  salubrinal  or  guanabenz-treated  NC  siRNA  cells  with 
p  <  0.05  and  p  <  0.01,  respectively,  a  eIF2a  level  after  transfecting 
siRNA  specific  to  eIF2a.  b  Western  blot  analysis  of  p-NFxB  and 
NFATcl.  c  Comparison  of  the  expression  level  of  NFATcl  between 
control  siRNA  and  eIF2a  siRNA 

primary  bone  marrow  derived  cells  support  salubrinal’ s 
efficacy  on  inhibition  of  bone  resorption.  In  summary,  we 
demonstrate  that  elevation  of  p-eIF2a  stimulates  osteocal¬ 
cin  expression  through  upregulation  of  ATF4  in  osteoblasts 
and  inhibits  TRAP  expression  via  downregulation  of 
NFATcl  in  pre-osteoclasts.  Silencing  eIF2a  with  RNA 
interference  reduced  suppression  of  salubrinal/guanabenz- 
driven  downregulation  of  NFATcl.  The  results  in  this 
study  support  the  possibility  of  regulating  bone  remodeling 
through  eIF2a-mediated  signaling  for  combatting  bone  loss 
in  osteoporosis. 


Fig.  11  Proposed  mechanism  of  eIF2a  signaling  on  osteoclastogene- 
sis  through  NFATcl 


Acknowledgments  The  authors  appreciate  M.  Hamamura’s  tech¬ 
nical  assistance.  This  study  was  supported  by  the  Grant  DOD 
W81XWH- 11-1-0716  to  HY.  All  authors  state  that  they  have  no 
conflicts  of  interest. 

Conflict  of  interest  All  authors  state  that  they  have  no  conflicts  of 
interest. 


References 

1.  Karsenty  G,  Wagner  EF  (2002)  Reaching  a  genetic  and  molecular 
understanding  of  skeletal  development.  Cell  2:389-406 

2.  Harada  S,  Rodan  GA  (2003)  Control  of  osteoblast  function  and 
regulation  of  bone  mass.  Nature  423:349-355 

3.  Manolagas  SC  (2000)  Birth  and  death  of  bone  cells:  basic  regu¬ 
latory  mechanisms  and  implications  for  the  pathogenesis  and 
treatment  of  osteoporosis.  Endocr  Rev  21:115-137 

4.  Kimball  SC  (1999)  Eukaryotic  initiation  factor  eIF2.  Int  J  Bio- 
chem  31:25-39 

5.  Harding  HP,  Novoa  I,  Zhang  Y,  Zeng  H,  Wek  R,  Schapira  M, 
Ron  D  (2000)  Regulated  translation  initiation  controls  stress- 
induced  gene  expression  in  mammalian  cells.  Mol  Cell 
6:1099-1108 

6.  Yang  X,  Matsuda  K,  Bialek  P,  Jacquot  S,  Masuoka  HC,  Schinke 
T,  Li  L,  Brancorsini  S,  Sassone-Corsi  P,  Townes  TM,  Hanauer  A, 
Karsenty  G  (2004)  ATF4  is  a  substrate  of  RSK2  and  an  essential 
regulator  of  osteoblast  biology;  implication  for  Coffin-Lowry 
Syndrome.  Cell  117:387-398 

7.  Hamamura  K,  Yokota  H  (2007)  Stress  to  endoplasmic  reticulum 
of  mouse  osteoblasts  induces  apoptosis  and  transcriptional  acti¬ 
vation  for  bone  remodeling.  FEBS  Lett  581:1769-1774 

8.  Zhang  P,  Hamamura  K,  Jiang  C,  Zhao  L,  Yokota  H  (2012) 
Salubrinal  promotes  healing  of  surgical  wounds  in  rat  femurs. 
J  Bone  Miner  Metab  30:568-579 


<£)  Springer 


628 


J  Bone  Miner  Metab  (2013)  31:618-628 


9.  Yasuda  H,  Shima  N,  Nakagawa  N,  Yamaguchi  K,  Kinosaki  M, 
et  al.  (1988)  Osteoclast  differentiation  factor  is  a  ligand  for 
osteoprotegerin/osteoclastogenesis-inhibitory  factor  and  is  iden¬ 
tical  to  TRANCE/RANKL.  Proc  Natl  Acad  Sci  USA  95:3597- 
3602 

10.  Lacey  DL,  Timms  E,  Tan  HL,  Kelley  MJ,  Dunstan  CR  et  al 
(1998)  Osteoprotegerin  ligand  is  a  cytokine  that  regulates 
osteoclast  differentiation  and  activation.  Cell  93:165-176 

11.  Robling  AG,  Niziolek  PJ,  Baldridge  LA,  Condon  KW,  Allen  MR, 
Alam  I,  Mantila  SM,  Gluhak-Heinrich  J,  Bellido  TM,  Harris  SE, 
Turner  CH  (2008)  Mechanical  stimulation  of  bone  in  vivo 
reduces  osteocyte  expression  of  Sost/sclerostin.  J  Biol  Chem 
283:5866-5875 

12.  Zhang  P,  Jiang  C,  Ledet  E,  Yokota  H  (2011)  Loading-  and 
unloading-driven  regulation  of  phosphorylation  of  eIF2a.  Biol 
Sci  Space  25:3-6 

13.  Boyce  M,  Bryant  KF,  Jousse  C,  Long  K,  Harding  HP,  Scheuner 
D,  Kaufman  RJ,  Ma  D,  Coen  DM,  Ron  D,  Yuan  J  (2005)  A 
selective  inhibitor  of  eIF2a  dephosphorylation  protects  cells  from 
ER  stress.  Science  307:935-939 

14.  Tsaytler  P,  Harding  HP,  Ron  D,  Bertolotti  A  (2011)  Selective 
inhibition  of  a  regulatory  subunit  of  protein  phosphatase  1 
restores  proteostasis.  Science  332:91-94 

15.  Hughes  DE,  Wright  KR,  Uy  HL,  Sasaki  A,  Yoneda  T,  Roodman 
GD,  Mundy  GR,  Boyce  BF  (1995)  Bisphosphonates  promote 
apoptosis  in  murine  osteoclasts  in  vitro  and  in  vivo.  J  Bone  Miner 
Res  10:1478-1487 

16.  Furuya  Y,  Mori  K,  Ninomiya  T,  Tomimori  Y,  Tanaka  S,  Ta- 
kahashi  N,  Udagawa  N,  Uchida  K,  Yasuda  H  (2011)  Increased 
bone  mass  in  mice  after  single  injection  of  anti-receptor  activator 
of  nuclear  factor-xB  ligand-neutralizing  antibody.  J  Biol  Chem 
286:37023-37031 

17.  Sudo  H,  Kodama  HA,  Amagai  Y,  Yamamoto  S,  Kasai  S  (1983) 
In  vitro  differentiation  and  calcification  in  a  new  clonal  osteo¬ 
genic  cell  line  derived  from  newborn  mouse  calvaria.  J  Cell  Biol 
96:191-198 

18.  Xu  J,  Tan  JW,  Gao  XH,  Laird  R,  Liu  D,  Wysocki  S,  Zheng  MH 
(2000)  Cloning,  sequencing,  and  functional  characterization  of 
the  rat  homologue  of  receptor  activator  of  NF-kappaB  ligand. 
J  Bone  Miner  Res  15:2178-2186 

19.  Wagner  EF,  Matsuo  K  (2003)  Signaling  in  osteoclasts  and  the 
role  of  Fos/APl  proteins.  Ann  Rheum  Dis  62:ii83-ii85 

20.  Helfrich  MH,  Thesingh  CW,  Mieremet  RH,  van  Iperen-van  Gent 
AS  (1987)  Osteoclast  generation  from  human  fetal  bone  marrow 
in  cocultures  with  murine  fetal  long  bones.  A  model  for  in  vitro 
study  of  human  osteoclast  formation  and  function.  Cell  Tissue 
Res  249:125-136 

21.  Kim  N,  Takami  M,  Rho  J,  Josien  R,  Choi  Y  (2002)  A  novel 
member  of  the  leukocyte  receptor  complex  regulates  osteoclast 
differentiation.  J  Exp  Med  195:201-209 

22.  Takayanagi  H,  Kim  S,  Koga  T,  Nishina  H,  Isshiki  M,  Yoshida  H, 
Saiura  A,  Isobe  M,  Yokochi  T,  Inoue  J,  Wagner  EF,  Mak  TW, 
Kodama  T,  Taniguchi  T  (2002)  Induction  and  activation  of  the 


transcription  factor  NFATcl  (NFAT2)  integrate  RANKL  sig¬ 
naling  in  terminal  differentiation  of  osteoclasts.  Dev  Cell 
3:889-901 

23.  Hamamura  K,  Zhang  P,  Yokota  H  (2008)  IGF2-driven  PI3  kinase 
and  TGFp  signaling  pathways  in  chondrogenesis.  Cell  Biol  Int 
32:1238-1246 

24.  Shah  RS,  Walker  BR,  Vanov  SK,  Helfant  RH  (1976)  Guanabenz 
effects  on  blood  pressure  and  noninvasive  parameters  of  cardiac 
performance  in  patients  with  hypertension.  Clin  Pharmacol  Ther 
19:732-737 

25.  Galli  M,  Caniggia  M  (1984)  Osteocalcin.  Minerva  Med 
75:2489-2501 

26.  Angel  NZ,  Walsh  N,  Forwood  MR,  Ostrowski  MC,  Cassady  Al, 
Hume  DA  (2000)  Transgenic  mice  overexpressing  tartrate-resis¬ 
tant  acid  phosphatase  exhibit  an  increase  rate  of  bone  turnover. 
J  Bone  Miner  Res  15:103-110 

27.  Wang  S,  Kaufman  RJ  (2012)  The  impact  of  the  unfolded  protein 
response  on  human  disease.  J  Cell  Biol  197:857-867 

28.  Matsumoto  M,  Sudo  T,  Saito  T,  Osada  H,  Tsujimoto  M  (2000) 
Involvement  of  p38  mitogen- activated  protein  kinase  signaling 
pathway  in  osteoclastogenesis  mediated  by  receptor  activator  of 
NF-kappaB  ligand  (RANKL).  J  Biol  Chem  275:31155-31161 

29.  Zhang  YH,  Heulsmann  A,  Tondravi  MM,  Mukherjee  A,  Abu- 
Amer  Y  (2001)  Tumor  necrosis  factor- alpha  (TNF)  stimulates 
RANKL-induced  osteoclastogenesis  via  coupling  of  TNF  type  1 
receptor  and  RANK  signaling  pathways.  J  Biol  Chem  276: 
563-568 

30.  Kim  K,  Kim  JH,  Lee  J,  Jin  HM,  Kook  H,  Kim  KK,  Lee  SY,  Kim 
N  (2007)  MafB  negatively  regulates  RANKL-mediated  osteoclast 
differentiation.  Blood  109:3253-3259 

31.  Zhao  B,  Takami  M,  Yamada  A,  Wang  X,  Koga  T,  Hu  X,  Tamura 
T,  Ozato  K,  Choi  Y,  Ivashkiv  LB,  Takayanagi  H,  Kamijo  R 
(2009)  Interferon  regulatory  factor-8  regulates  bone  metabolism 
by  suppressing  osteoclastogenesis.  Nat  Med  15:1066-1071 

32.  Miyauchi  Y,  Ninomiya  K,  Miyamoto  H,  Sakamoto  A,  Iwasaki  R 
et  al  (2010)  The  Blimp  1-Bcl6  axis  is  critical  to  regulate  osteoclast 
differentiation  and  bone  homeostasis.  J  Exp  Med  207:751-762 

33.  Rossi  M,  Pitari  MR,  Amodio  N,  Di  Martino  MT,  Conforti  F, 
Leone  E,  Botta  C,  Paolino  FM,  Del  Giudice  T,  Iuliano  E,  Caraglia 
M,  Ferrarini  M,  Giordano  A,  Tagliaferri  P,  Tassone  P  (2012) 
miR-29b  negatively  regulates  human  osteoclastic  cell  differenti¬ 
ation  and  function:  implications  for  the  treatment  of  multiple 
myeloma-related  bone  disease.  J  Cell  Physiol  (in  press) 

34.  Yasui  T,  Hirose  J,  Tsutsumi  S,  Nakamura  K,  Aburatani  H, 
Tanaka  S  (2011)  Epigenetic  regulation  of  osteoclast  differentia¬ 
tion:  possible  involvement  of  Jmjd3  in  the  histone  demethylation 
of  Nfatcl.  J  Bone  Miner  Res  26:2655-2671 

35.  He  L,  Lee  J,  Jang  JH,  Sakchaisri  K,  Hwang  JS,  Cha-Molstad  HJ, 
Kim  KA,  Ryoo  IJ,  Lee  HG,  Kim  SO,  Soung  NK,  Lee  KS,  Kwon 
YT,  Erikson  RL,  Ahn  JS,  Kim  BY  (2013)  Osteoporosis  regulation 
by  salubrinal  through  eIF2a  mediated  differentiation  of  osteoclast 
and  osteoblast.  Cell  Signal  25:552-560 


Springer 


